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DECLARATION PURSUANT TO 37 C.F.R. § 1.132 

I, Dr. Esther Zwiek-Wallasch, declare as follows: 

1. I have a Ph.D. in biology from the Max-Planck Institute for Biochemistry and 
relevant biological research experience as detailed in my curriculum vitae, which is 
attached. I consider myself to be at least as qualified as a person skilled in the field of 
pharmaceutical research and development. 

2. I am familiar with U.S. Patent Application S.N. 10/563,211, which is directed to a 
method of preventing or treating an at least partially therapy-resistant hyperproliferative 
disorder comprising administrating an inhibitor of a receptor tyrosine kinase ligand to a 
subject in need thereof, wherein said disorder is an at least partially irradiation- and/or 
medicament-resistant cancer. 

3. I have read and am familiar with the currently outstanding Office Action issued in 
connection with this application by the U.S. Patent and Trademark Office on January 
13, 2010. In that Action, the Examiner has reiterated the previous rejection of all of the 
claims under examination as allegedly lacking enablement for treating hyperproliferative 
cells in vivo by administering an inhibitor of a receptor tyrosine kinase iigand. The 



Examiner has cited a number of references from the eariy to mid 1990's as evidence 
that there is not a predictable correlation between in vitro data and in vivo results. 

4. The Examiner seems to be of the opinion that the in vitro data presented in the 
specification combined with the in vivo data from WO/2009/040134 do not show a 
correlation between in vitro and in vivo results. The Examiner is of the opinion that the 
in vitro assays in the WO 2009 reference need to be the same as used in the 
10/563,21 1 application. The Examiner also contends that the in vitro assay used in the 
10/563,211 application use siRNAs, while WO 2009 uses antibodies, and so there 
cannot be any correlation at all. 

5. The 10/563,211 application discusses a number of receptor tyrosine kinase ligand 
inhibitors including antibodies or antibody fragments, proteinaceous or low-molecular 
weight inhibitors, and siRNAs (on pages 8 and 9 of the specification). The experimental 
data illustrated by Figures 3 and 4 and example result sections 2.3 and 2.4 relate to 
analysis of proHB-EGF release in response to stress agents and blockage of HB-EGF 
release by inhibitors. The data shows that stress agents induce phosphorylation of 
EGFR, and that inhibitors which inihibit HB-EGF or the release of tyrosine kinase 
ligands (EGF-like ligands) effectively block this phosphorylation {section 2.3 on pages 
22-23 of the specification). The immunoblots show that inhibitors of HB-EGF (CRM197) 
and those which inhibit the release of EGF-like ligands (BB94) inhibit EGFR activation 
(Figure 3) and that is was shown that these inhibitors block HB-EGF release (Figure 4). 
An anti-HB-EGF antibody is used in the HB-EGF release assay demonstrating its 
binding to proHB-EGF (Figure 4a). 

6. It is my expert opinion that a correlation between the in vitro data in this application 
and the in vivo results in the WO 2009 exists. The in vitro data in the present 
application shows that EGFR activation and release of HB-EGF is blocked by a specific 
inhibitor of HB-EGF (CRM197) and by a metalloprotease inhibitor, which inhibit the 
release of HB-EGF and other EGF-like ligands, in several human tumor cell lines and 
that anti-HB-EGF antibodies do indeed bind to proHB-EGF. There is disclosure in WO 
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2009 that "[w]hether an amino acid change results in a functional antibody, i.e., in a 
antibody that binds to HB-EGF and reduces, neutralizes or substantially inhibits the 
function of HB-EGF, can readily be determined by assaying the specific activity of the 
resulting antibody in ELISA or FACS for binding to HB- EGF or in vitro or in vivo 
functional assay," (paragraph [000207]). Further, the in vitro data in WO 2009 that 
shows that anti-HB-EGF antibodies inhibit EGFR phosphorylation in human tumor cells 
(see paragraphs [000302-000305] and Figure 22, 23 and 24), as-well as in vivo data 
showing that anti-HB~EGF antibodies cause reduced pancreatic tumor (Fig. 37) and 
ovarian cancer tumor growth (Fig. 38A-C) in mice. Data in WO 2009 demonstrates that 
the HB-EGF inhibitor CRM197, which is used in the 10/563,211 application as well as 
anti-HB-EGF antibodies block EGFR activation in Cos-7 ceils stimulated by the G- 
protein-coupled receptor ligand LPA (Figure 23), which leads to extracellular processing 
of transmembrane growth factor precursor and release of mature growth factor, which 
interacts with the ectodomain of the EGFR and activates it through tyrosine 
phosphorylation (Prenzel et al., 1999, Nature 402:884-888). Thus, because this 
application shows binding of anti-HB-EGF antibodies to HB-EGF (Figure 4a) and that 
inhibitors of HB-EGF and those which inhibit the release of HB-EGF and EGF-like 
ligands block the release of HB-EGF in Cos-7 cells (Figure 4) and inhibit activation and 
phosphorylation of EGFR in Cos-7, TCC-Sup and NCI-H292 cells,(Figure 3) and WO 
2009 shows that an inhibitors of HB-EGF, namely anti-HB-EGF antibodies bind to HB- 
EGF and inhibit activation and phosphorylation of EGFR in LPA-stimulated Cos-7 cells 
and also shows that this same inhibitor reduces tumor growth in mice, there is clearly a 
correlation between the in vitro results presented in this application and the in vitro and 
in vivo results shown in WO 2009. 

7. With regard to the Examiner's contention that WO 2009 does not show an in vivo 
data using siRNAs and that gene therapy is not enabled, I am enclosing a paper entitled 
"Intravenous RNA Interference Gene Therapy Targeting the Human Epidermal Growth 
Factor Receptor Prolongs Survival in Intracranial Brain Cancer" by Zhang et al, which 
provides an excellent demonstration of the correlation of in vitro assays with in vivo 
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efficacy with regard to the use of EGFR inhibitors, specifically siRNAs, for treatment of 
cancer. 

8. Zhang et al. detail in vitro and in vivo experiments, wherein, in cultured glioma cells, 
the delivery of the RNAi expression plasmid resulted in a 95% suppression of EGFR 
function, and weekly i.v. RNAi gene therapy caused reduced tumor expression of 
immunoreactive EGFR and an 88% increase in survival time of 'mice with advanced 
intracranial brain cancer (abstract). The first paragraph of the discussion section on 
page 3673 states that "[t]he results of these studies are consistent with the following 
conclusions. First, it is possible to knock down EGFR gene expression with i.v. gene 
therapy that uses expression plasmids encoding a shRNA directed at nucleotides 2529- 
2557 of the human EGFR mRNA (Table 2)." This shows the in vitro effects of an 
inhibitor of a receptor tyrosine kinase ligand in cells. Further, this data demonstrates 
successful gene therapy in vitro. Further, "EGFR expression knockdown is 
demonstrated by the inhibition of thymidine incorporation or calcium flux in human U87 
glioma cells in tissue culture (Tables 2 and 3; Fig. 3), by the decrease in the expression 
of immunoreactive EGFR in cell culture (Fig. 2)." Thus, the in vitro effect of an inhibitor 
of a receptor tyrosine kinase ligand is demonstrated in tissue. Correlation of the in vitro 
results with in vivo effectiveness is also provided in the same paragraph based on the 
disclosure that there is a "decrease in brain cancer expression of immunoreactive 
EGFR in vivo (Fig. 6). Third, anti-EGFR gene therapy has an antiangiogenic effect and 
results in a 72-80% decrease in vascular density of the tumor (Fig. 5; Table 4)." With 
regard to gene therapy in vivo, the same paragraph states that "weekly i.v. anti-EGFR 
gene therapy results in an 88% increase in survival time in adult mice with intracranial 
brain cancer (Fig. 4)." 

9. Thus, it is my expert opinion that, at the time of filing of the present invention, one of 
skill in the art would have recognized that there was a reasonable correlation between 
the in vitro results shown in the present application with in vivo utility in treating tumors 
because it was known that "EGFR plays an oncongenic role in 70% of solid cancers that 
originate outside the brain (2)" (page 3667 of Zhang et al. citing Nicholson et al., Eur. J. 
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Cancer, 2001) and that knocking down its expression, e.g., by gene therapy, would be a 
way to treat cancer. See, e.g., Zhang et al., page 3667. It is also my expert opinion 
that a correlation between the in vitro use and in vivo utility of siRNAs was established. 
Therefore, the 10/563,21 1 application shows the in vitro use of siRNAs for gene therapy 
to inhibit endogenous expression of ADAM proteases to regulate EGFR activation in 
Cos-7 cells and lung cancer cells, and Zhang et al. shows the in vitro use of siRNAs for 
gene therapy to knock down EGFR expression in glioma cells and increase survival of 
mice in vivo. Thus, one of ordinary skill would have been enabled in treating a therapy- 
resistant hype rpro I iterative disorder by administering an inhbitor of a receptor tyrosine 
kinase ligand to a subject in need thereof. 

10. I further declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the application or any patent issued thereon. 

Dr. Esther Zwick-Wallasch 




(signature) 



Date 



Enclosures: Zhang et al., Clinical Cancer Research, 2004, curriculum vitae. 
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Humanized Gene Replacement in Mice Reveals the Contribution of Cancer 
Stroma-Derived HB-EGF to Tumor Growth 

Tomoko Ichise 1 , Satoshi Adachi 1 , Minako Ohishi 1 , Masahito Ikawa 2 , Masaru Okabe 2 , Ryo Iwamoto 1 , 
and Eisuke Mekada 1 * 

department of Cell Biology, Research Institute for Microbial Diseases, Osaka University, Osaka 565-0871, 
Japan, department of Experimental Genome Research, Research Institute for Microbial Diseases, Osaka 
University, Osaka 565-0871, Japan 



ABSTRACT. Tumor progression is a complex process that involves the interaction of cancer cells with the 
cancer-surrounding stromal cells. The cancer stroma influences the cancer cell growth and metastatic potential. 
The EGF family growth factor HB-EGF is synthesized in cancer cells and plays pivotal roles in oncogenic 
transformation and tumor progression, but the contribution of HB-EGF expressed in tumor stromal cells to 
tumor growth remains unclear. In the present study, we found that HB-EGF was expressed in host-derived 
cancer stromal cells in xenograft and allograft mouse tumor models. CRM197 is a specific inhibitor of human 
HB-EGF that has no effect on mouse HB-EGF. To elucidate whether host-derived stromal HB-EGF contributes 
to tumor growth, we generated knock-in mice expressing a CRM197-inhibitable humanized mutant form of HB- 
EGF. Administration of CRM197 to humanized knock-in mice that were bearing tumors derived from human 
or mouse cancer cells revealed that inhibition of host-derived stromal HB-EGF by CRM197 significantly reduced 
tumor growth. These results suggest that HB-EGF in the cancer-associated stroma plays a significant role for 
tumor growth, and that the HB-EGF derived from the stroma, as well as that expressed by cancer cells, is a 
potential target for cancer therapy. The present results also suggest that the humanized HB-EGF knock-in mice 
could be utilized for pathophysiological studies of HB-EGF as well as the development of therapeutic strategies 
targeting HB-EGF. 



Key words: HB-EGF/CRM1 97/diphtheria toxin/stroma/tumorigenesis 



Introduction 

Tumor progression is a complex process that involves the 
interaction of cancer cells with the cells in the cancer- 
surrounding tissues (cancer stroma) including endothelial 
cells, fibroblasts, lymphocytes, and other cell types. The 
cancer stroma directly or indirectly influences cancer cell 
growth and metastatic potential (Bhowmick et ah, 2004; 
Folkman and Shing, 1992; Kalluri and Zeisberg, 2006; 
Mueller and Fusenig, 2004; Tlsty and Coussens, 2006). 
Although much attention has recently been paid to the roles 
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of the cancer stroma in tumor development and progression, 
the molecular mechanism underlying the crosstalk between 
cancer cells and stromal cells remains largely unknown. 

The ErbB family of receptor tyrosine kinases and their 
ligands, the epidermal growth factor (EGF) family, play 
important roles in tumorigenesis (Normanno et al, 2003). 
Heparin-binding EGF-like growth factor (HB-EGF), a 
member of the EGF family, is synthesized as a membrane- 
anchored form (proHB-EGF) and its soluble form is sub- 
sequently released from the cell surface by ectodomain 
shedding (Goishi et al, 1995; Higashiyama et al, 1991). 
The soluble HB-EGF has potent mitogenic and chemoat- 
tractant activities for a number of cell types (Higashiyama 
et al., 1993). Increasing evidence has accumulated to indi- 
cate that HB-EGF plays pivotal roles in oncogenic transfor- 
mation, tumor invasion and metastasis (Bos et al, 2009; 
Miyamoto et al, 2004; Miyamoto et al, 2006; Ongusaha et 
al, 2004), and that HB-EGF elaborated by cancer cells 
themselves is involved in tumorigenesis. However, the con- 
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tribution of HB-EGF expressed in tumor stromal cells to 
tumor growth remains unclear, although HB-EGF is often 
expressed in fibroblasts and endothelial cells (Raab and 
Klagsbrun, 1997). 

ProHB-EGF serves as the receptor for diphtheria toxin 
(DT) (Iwamoto et al, 1994). DT and CRM197, a non-toxic 
mutant form of DT, bind to the EGF-like domain of human 
HB-EGF (hHB-EGF), thereby inhibiting the binding of 
hHB-EGF to EGF receptor (Mitamura et al, 1995). Conse- 
quently, CRM 197 is used as a specific inhibitor of hHB- 
EGF. Furthermore, it strongly inhibits tumor growth in 
mouse xenograft tumor models (Miyamoto et al, 2004). 
However, CRM197 does not bind to mouse HB-EGF 
(mHB-EGF) and cannot inhibit mHB-EGF derived from 
cancer stromal cells in mouse tumor models (Mitamura et 
al, 1995). In the present study, we generated knock-in mice 
in which the mHB-EGF gene was replaced with CRM 197- 
inhibitable humanized HB-EGF (hzHB-EGF) and studied 
the role of HB-EGF produced by cancer stromal cells in 
tumor growth. 



Materials and Methods 
Reagents 

DT and CRM 197 were prepared as described previously (Uchida 
etal, 1973). 

Cell culture 

All cell lines were maintained in DMEM supplemented with 100 
U/ml penicillin G, 100 (xg/ml streptomycin and 10% fetal bovine 
serum (ICN Biomedicals, Costa Mesa, CA, USA). 

Plasmid construction and transfection 

The constructions of plasmids encoding hHB-EGF cDNA, mHB- 
EGF cDNA and human/mouse HB-EGF chimeras inserted into the 
eukaryotic expression vector pRc/CMV (Invitrogen, Tokyo, 
Japan) were described previously (Mitamura et al., 1995). For the 
construction of hzHB-EGF, we used the H (106-1 86) chimera HB- 
EGF cDNA as the starting material for hzHB-EGF construction 
(Mitamura et al, 1995). This cDNA encodes mouse HB-EGF con- 
taining human sequence between Asp 106 and Tyr 186 . The EGF-like 
domain locates between Cys 108 and Pro 149 . Two amino acid resi- 
dues in the sequence from Pro 149 to Tyr 186 differ between human 
and mouse HB-EGF. In order to restrict the substitution within the 
EGF-like domain, R153P and I162V mutations were introduced 
into the H (106-186) chimera HB-EGF cDNA inserted into the 
pRc/CMV vector by site-directed mutagenesis, resulting in an 
hzHB-EGF cDNA. A Hinalll-Mscl fragment of the hzHB-EGF 
cDNA inserted into the pRc/CMV vector was substituted with the 
corresponding fragment of the H (54-73) chimera HB-EGF cDNA 
inserted into the pRc/CMV vector, resulting in an H6-hzHB-EGF 



cDNA. Stable transfectants of LC cells expressing H6-mHB-EGF, 
hHB-EGF, H6-hzHB-EGF or hzHB-EGF were obtained by trans- 
fection with the corresponding plasmids using Lipofectamine 2000 
(Invitrogen, Tokyo, Japan) according to the manufacturer's 
instructions. 

DT sensitivity assay and DT binding assay 

DT sensitivity was measured by inhibition of protein synthesis by 
DT as described previously (Umata et al, 1990). Binding of DT to 
cells was measured as described previously (Iwamoto et al, 1994). 

Mitogenic assay 

L cells (5xl0 5 cells) were transfected with hHB-EGF, hzHB-EGF, 
H6 epitope-tagged hzHB-EGF (H6-hzHB-EGF) or H6 epitope- 
tagged mHB-EGF (H6-mHB-EGF) and cultured in RPMI 1640 
containing 10% fetal calf serum and 10 ug/ml of heparin for 72 h. 
The conditioned media were collected. The mitogenic activities of 
HB-EGF in the conditioned media with and without CRM197 
were assayed by measuring their effects on the proliferation of 
DER cells as described previously (Takazaki et al, 2004). 

Animal experiments 

All experimental use of animals complied with the Guidelines for 
Animal Care of Osaka University. 

Generation of humanized HB-EGF knock-in mice 

A 6.0-kb EcoRl-Sacll fragment containing exon 1 of the HB-EGF 
gene and an 8.0-kb EcoRl-EcoRM fragment downstream of exon 3 
were used as homology arms. A LoxP-flanked mHB-EGF cDNA 
with a poly(A) signal, a neo cassette driven by the phosphoglycerate 
kinase promoter and intron 5 of the mHB-EGF gene as a splicing 
donor (SD) were fused at exon 1 . The hzHB-EGF cDNA linked to 
the GFP cDNA with a poly(A) signal via the internal ribosome 
entry site (IRES) was inserted downstream of intron 5 of the mHB- 
EGF gene (SD). The ^7?oI-linearized DNA of the targeting vector 
was electroporated into D3 embryonic stem (ES) cells. To obtain 
the HB hz " nox allele, individual clones were screened for homolo- 
gous recombination by Southern blot analysis of Hindl\l-&iges\e,d 
DNA and S/>eI-digested DNA with 5' and 3' probes that corre- 
sponded to sequences flanking the targeting vector of the 5'- and 
3'-arms, respectively. Spel-digested DNA was also analyzed with a 
neo probe as an internal probe. Hybridization was carried out as 
described previously (Iwamoto etal, 2003). 

The targeted ES clones were injected into C57BL/6J blasto- 
cysts, and the chimeric mice were bred with C57BL/6J female 
mice to obtain HB hz - flox mice. Homozygous HB hz " nox/hz ~ nox mice were 
obtained by interbreeding of HB hz - nox mice. Subsequently, homozy- 
gous HB hz " nox/hz " nox mice were bred with CAG-Cre transgenic mice 
(Sakai and Miyazaki, 1997) to generate HB h2,+ mice. Cre-mediated 
recombination was confirmed by PCR analysis using primer sets 
for Cre (fwd, 5'-AGGTTCGTTCACTCATGGA-3' and rev, 5'- 
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TCGACCAGTTTAGTTACCC-3'), neo (fwd, 5 '- ATGGGATCG- 
GCCATTGAACA-3' and rev, 5'-GAAGAACTCGTCAAGAA- 
GGC-3') and GFP (fwd, 5 '-C A AGC AGATCCTGA AGA AC A-3 ' 
and rev, 5'-GAACATCTCCTCGATCAGGT-3') as well as a wild- 
type allele-speciftc primer set (wt) (fwd, 5 '-C ATGGGGTTGTG- 
ACTCTCCT-3' and rev, 5'-AGCCTGCACACACAAAAGTG-3'). 
Finally, HB hz/+ heterozygous mice were intercrossed to generate 
HB h2,h2 mice. Elimination of mouse HB-EGF and alternative 
expressions of hzHB-EGF and GFP were confirmed by RT-PCR 
analysis using an hHB-EGF-specific primer set (fwd, 5-ATGT- 
GAAGGAGCTCCGGG-3' and rev, 5'-TCAGTGGGAGCTAGC- 
CAC-3'), an mHB-EGF-specific primer set (fwd, 5'-ACCTGCAG- 
GAGTTCCGTA-3' and rev, 5'-TCAGTGGGAGCTAGCCAC-3'), 
a primer set based on the consensus sequence of hHB-EGF and 
mHB-EGF (fwd, 5'-ATGAAGCTGCTGCCGTCGGT-3' and rev, 
5'-TCAGTGGGAGCTAGCCACGC-3'), a primer set for GFP and 
a primer set for G3PDH (fwd, 5'-ACCACAGTCCATGCCAT- 
CAC-3' and rev, 5'-TCCACCACCCTGTTGCTGTA-3'). 

RT-PCR 

cDNAs were prepared by a reverse transcriptase, ReverTra Dash 
(Toyobo, Osaka, Japan) from total RNA extracted using ISOGEN 
(Nippon Gene, Tokyo, Japan) from all-trans retinoic acid (tRA)- 
treated mouse skins, and PCR was performed by using the primer 
sets as described above. (Yamazaki et al, 2003). 

Immunohistochemistry 

HB de " + ;nu/nu mice were obtained by crossing HB <id/+ mice with 
nude (nu/nu) mice. A total volume of 0. 1 ml containing 5 x 1 0 6 cells 
suspended in serum-free DMEM was subcutaneously injected into 
the HB del/+ ;nu/nu mice at 5 weeks of age. At 4 weeks after the 
tumor cell injection, the formed tumors were excised, fixed with 
4% paraformaldehyde and embedded in OCT compound (Sakura 
Fine-Tek, Tokyo, Japan). Frozen sections (8 mm) were stained 
with 5-bromo-4-chloro-3-indolyl (3-D-galactoside (X-Gal) and an 
anti-CD31 antibody (clone MEC13.3; BD PharMingen, Franklin 
Lakes, NJ, USA) or anti-ct-smooth muscle actin (SMA) antibody 
(clone 1 A4; Sigma, Tokyo, Japan). Other mouse tissues, including 
the hearts, were fixed by perfusion of 4% paraformaldehyde, dehy- 
drated and embedded in paraffin. Paraffin sections (4 mm) were 
stained with hematoxylin/eosin or subjected to Azan-Mallory staining. 

Effect of CRM197 on tumor growth in nude mice 

A total volume of 0.1 ml containing 5x1 0 6 cells suspended in 
serum-free DMEM was subcutaneously injected into nu/nu mice 
or HB hz,h2 ; nu/nu mice at 5 weeks of age. At several time points 
after the cell injection, the sizes of the tumors were measured using 
a caliper. The tumor volumes were calculated as described previ- 
ously (Bissery et al, 1991). CRM197 was dissolved in 1 ml of 
PBS containing 8% sucrose at 2.88 mg/ml and then further diluted 
to 8 ug/ml with saline. CRM 197 at a dose of 0.2 mg/kg was 
injected intraperitoneally into the tumor-bearing mice every day. 



Statistics 

The statistical significance was determined by Student's / test as 
implemented by Excel 2007 (Microsoft Corp., Redmond, WA, 
USA). 



Results and Discussions 

Cancer-associated stromal cells express HB-EGF 

Cancer stroma expresses a number of growth factors, cytok- 
ines and chemokines to enhance cancer cell proliferation 
and metastasis. However, the expression of HB-EGF in can- 
cer stroma has not yet been reported. We examined whether 
HB-EGF was expressed in cancer-associated stromal cells 
upon tumor formation. To this end, we utilized an HB- 
EGF dei/+ i acZ reporter a n e l e (Iwamoto et al, 2003). In HB- 
EGF 11 ^ mic e ; i acZ i s expressed under the HB-EGF pro- 
moter and localized in the nucleus because of an additional 
nuclear localizing signal, thereby enabling us to detect HB- 
EGF expression by IacZ staining. To facilitate the implanta- 
tion of cancer cells into mice, HB del/+ ;nu/nu mice were used 
for this study. Tumors were generated by subcutaneously 
injecting human or mouse cancer cell lines into the HB del/+ ; 
nu/nu mice. We tested the following cell lines for tumor for- 
mation: RMG-1, a human ovarian cancer cell line; HT29, a 
human colon cancer cell line; MMT, a mouse breast cancer 
cell line; and LLC, a mouse lung cancer cell line. At 1 
month after implantation, the tumors were histologically 
analyzed for the expression of host-derived HB-EGF by 
IacZ staining. Although lacZ-positive cells were scarcely 
observed in the corresponding normal tissues, lacZ-positive 
cells were detected in the stromal region of the tumors 
formed when RMG-1, HT29 or MMT cells were injected 
(Fig. 1), indicating that these cells induced HB-EGF expres- 
sion in the tumor-surrounding tissues upon tumorigenesis. 
Immunohistochemistry for CD31, a marker of vascular 
endothelial cells, and SMA, a marker of cancer-associated 
fibroblasts (CAFs), revealed that vascular endothelial cells 
and/or CAFs were contained in the cell types expressing 
HB-EGF in the cancer stroma (Fig. 1). When LLC cells 
were injected, the tumor was successfully formed. How- 
ever, the tumor stroma did not induce any lac-Z positive 
cells (Fig. 1). 

Construction and characterization of the humanized 
mutant form of HB-EGF 

CRM197 is a specific inhibitor of hHB-EGF, but does not 
inhibit mHB-EGF expressed in cancer-associated stromal 
cells in mouse cancer models. To examine whether HB- 
EGF expressed in stromal cells is involved in cancer pro- 
gression, we generated knock-in mice expressing CRM197- 
inhibitable hzHB-EGF. To this end, we first constructed 
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Fig. 1. HB-EGF is expressed in the cancer stroma. RMG-1, HT29, MMT and LLC cells were subcutaneously injected into HB de " + ;nu/nu mice. Tumor 
sections were stained for lacZ and also stained with an anti-CD3 1 antibody or anti-SMA antibody, followed by counter-staining with nuclear fast red. Blue 
spots indicate the nuclei of lacZ-positive HB-EGF-expressing cells. CD31 and SMA are stained in brown and gray, respectively. Insets show magnified 
views of lacZ and CD31 double-positive cells or lacZ and SMA double-positive cells. 



hzHB-EGF by swapping the EGF-like domain of mHB- 
EGF with the corresponding region of hHB-EGF (Fig. 2A). 
There are 39 and 10 amino acid substitutions within the 
whole molecule and the EGF-like domain, respectively, 
between hHB-EGF and mHB-EGF. DT and CRM197 bind 



to the EGF-like domain and only the EGF-like domain is 
sufficient for the binding (Mitamura et al, 1995; Mitamura 
et al, 1997). Therefore, to create hzHB-EGF {i.e. DT-sensi- 
tive and CRM197-inhibitable), we constructed a mouse/ 
human chimeric HB-EGF in which the EGF-like domain of 
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Fig. 2. Generation and characterization of hzHB-EGF knock-in mice. (A) Structures of hzHB-EGF and the related constructs, pre, signal sequence; pro, 
pro-domain; HBD, heparin-binding domain; TM, transmembrane domain; CM, cytosolic domain; H6, region from amino acids 54-73 of hHB-EGF 
recognized by the anti-H6 antibody. (B) DT sensitivity of hzHB-EGF-expressing mouse cells. hzHB-EGF, hHB-EGF, H6-hzHB-EGF and H6-mHB-EGF 
were separately transfected into mouse LC cells, and the DT sensitivities of the transfected cells were determined by measuring their rates of cellular protein 
synthesis as described in the supplementary data online. The cells expressing hzHB-EGF and H6-hzHB-EGF are sensitive to DT, similar to the cells 
expressing hHB-EGF. (C) Mitogenic activity of hzHB-EGF and inhibition by CRM197. Conditioned media prepared from LC cells stably expressing H6- 
mHB-EGF, hHB-EGF, H6-hzHB-EGF or hzHB-EGF were tested for their mitogenic activities in the DER cell system with or without 1 0 ug/ml of CRM197 
as described in the supplementary data online. Bars, SE. 



mHB-EGF was swapped with the corresponding region of 
hHB-EGF. For recognition with anti-HB-EGF antibody H6, 
H6-mHB-EGF and H6-hzHB-EGF, in which the H6 region 
of mHB-EGF was swapped with the corresponding region 
of hHB-EGF, were also constructed (Fig. 2A). Each HB- 



EGF construct was transfected into mouse LC cells and the 
DT sensitivities were measured by inhibition of protein 
synthesis (Mitamura et al, 1995). Cells transfected with 
hzHB-EGF, H6-hzHB-EGF or hHB-EGF became equally 
DT-sensitive, whereas those transfected with H6-mHB- 
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EGF did not (Fig. 2B). DT-binding assays revealed that 
the Ka value of hzHB-EGF for DT was 3.9x10 s M _1 , and 
similar to a previously reported value for hHB-EGF 
(3.6x10 s M~') (Mitamura et al., 1995). More importantly, 
hzHB-EGF exhibited similar degrees of mitogenic activity 
to hHB-EGF and mHB-EGF, and CRM197 inhibited the 
mitogenic activity of hzHB-EGF similarly to that of hHB- 
EGF (Fig. 2C). 

Generation of the knock-in mice expressing hzHB-EGF 

Using the hzHB-EGF construct, hzHB-EGF knock-in (HB hz ) 
mice were generated by a gene replacement strategy that 
replaced the mHB-EGF gene with hzHB-EGF (Fig. 3). The 
targeting vector contained the mHB-EGF cDNA flanked 
by loxP sites linked to the hzHB-EGF cDNA (Fig. 3). This 
vector was introduced into mouse ES cells to generate 
chimeric mice carrying the HB hz " flox allele. Homologous 
recombination in ES cells was confirmed by Southern blot 
analysis (Fig. 4A). Chimeric mice were bred with C57BL/ 



6J mice to produce heterozygous mice (HB hz " fl0X/+ ). Homozy- 
gous (HB hz - flox/hz - flox ) mice were identified by PCR analysis 
(data not shown). To generate mice expressing the hzHB- 
EGF gene systemically, HB hz " llox/+ mice were crossed with 
CAG-Cre transgenic mice. Cre-mediated recombination 
was detected by PCR analysis (Fig. 4B). To confirm the 
expression of hzHB-EGF in HB hz/hz mice, RT-PCR analysis 
was performed (Fig. 4C). To detect the expression of HB- 
EGF in this assay more easily, the mouse skins were treated 
with tRA (Yamazaki et al, 2003). After Cre-mediated 
recombination, the expression of mHB-EGF was eliminated 
and alternative expressions of hzHB-EGF and GFP were 
detected. DT sensitivity of HB hz/hz mice was also confirmed 
(Fig. 5). No overt abnormalities, including lethality and 
infertility, were observed in the HB hz/hz mice, at least within 
10 months after birth. 

It should be noted that HB hz - flox/hz - flox mice unexpectedly 
showed a leaky expression of hzHB-EGF as well as mHB- 
EGF and were therefore sensitive to DT (data not shown). 
Consequently, the generated HB hz - nox/hz - flox mice are not 



19 kb 



32 kb 



E4E5E6 




Fig. 3. Gene-targeting strategy for the generation of hzHB-EGF knock-in mice. A LoxP-flanked mHB-EGF cDNA with the neomycin-resistance gene 
(neo) and intron 5 of the mHB-EGF gene as a splicing donor site (SD) was fused to the first exon of the mHB-EGF gene. The hzHB-EGF cDNA linked to 
the GFP cDNA via the internal ribosome entry site (IRES) was inserted downstream of the mHB-EGF cDNA. The targeting vector also contained the DT A- 
fragment (DT-A) gene. Cre-mediated recombination resulted in the deletion of the mHB-EGF cDNA and the neo cassette. Instead, hzHB-EGF and the GFP 
gene were expressed. Exon sequences and the loxP site are shown as gray boxes and triangles, respectively. Probes for a 5'-arm and 3'-arm are shown as 
black boxes. Primers for pi and p2 are shown as arrowheads. H, Hindlll; V, £coRV; SI, Spel; X, Xhol; E, EcoRl; S, Sacll. 
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Fig. 5. DT sensitivity of hzHB-EGF knock-in mice. Survival curves of 
wild-type (+/+) and HB hz/llz (hz/hz) mice intraperitoneally injected with DT 
at various doses. All mice were injected with DT at 9-10 weeks of age 
(n=5). 



appropriate for conditional expression of hzHB-EGF in a 
tissue-specific manner. 

Stromal HB-EGF contributes to tumor growth 

We used the generated HB hz/hz mice to examine whether 
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Fig. 4. Characterization of hzHB-EGF knock-in mice. (A) Southern blot 
analysis of homologous recombination in ES cells. The genomic DNA was 
digested with Hindlll for hybridization with the 5' probe or Spel for 
hybridization with the 3' probe. The 5' probe yields a 19-kb fragment from 
the wild-type allele and a 14-kb fragment from the hz-flox allele, while the 
3' probe yields a 32-kb fragment from the wild-type allele and an 18-kb 
fragment from the hz-flox allele. Spel-digested DNA was also analyzed 
with an internal probe corresponding to a sequence of the neo cassette. As a 
result, a 14-kb fragment was detected from the hz-flox allele, but no 
fragment was detected from the wild-type allele. (B) PCR analysis of 
genomic DNA from adult mouse tails to confirm Cre-mediated 
recombination. PCR analysis was performed using primer sets for wild-type 
allele-specific amplification (pi and p2), GFP cDNA amplification and neo 
cassette amplification. To generate mice expressing hzHB-EGF, HB hz-fl ° x/+ 
mice were crossed with CAG-Cre transgenic mice. In the presence of Cre 
recombinase, the band corresponding the neo gene disappeared. (C) RT- 
PCR analysis of the expression of hzHB-EGF. Skins from wild-type (+/+) 
and HB hi! * 2 mice (hz/hz) were treated with tRA for 4 days. Total RNA 
extracts from these skins were analyzed by RT-PCR using the indicated 
primer sets as follows: hHB-EGF, for hHB-EGF-specific amplification; 
mHB-EGF, for mHB-EGF-specific amplification; HB-EGF, for 
amplification of both human and mouse HB-EGF; GFP, for amplification 
of GFP; G3PDH, for amplification of G3PDH (loading control). In HB hz/ta 
mice, the expression of mHB-EGF is eliminated and hzHB-EGF and GFP 
are expressed instead. 
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Fig. 6. Suppression of tumor growth by CRM197 administration. (A-C) HT29 (A), MTT (B) or LLC (C) cells were subcutaneously injected into nude 
mice (nu/nu) or HB hz/h2 ;nu/nu mice (hz/hz;nu/nu). From 1 week after the cell injection, 0.2 mg/kg of CRM197 or control saline was injected intraperitoneally 
every day. The tumor volumes were measured as described in Materials and Methods. Bars: SE (n=8). *p<0.05; **p<0.02. 



host-derived stromal HB-EGF contributes to tumor growth. 
For this purpose, the following xenograft and allograft 
tumor models were evaluated. For the xenograft model, the 
human colon cancer cell line HT-29 cells were used. In this 
model, CRM197 should neutralize HT-29-derived hHB- 
EGF but not stroma-derived mHB-EGF when HT-29 cells 
are injected into nu/nu mice, whereas it should neutralize 
both HT-29-derived hHB-EGF and stroma-derived hzHB- 
EGF when HT-29 cells are injected into HB hz * z ;nu/nu mice. 



HT-29 cells express HB-EGF but the expression level is 
much lower than those in various other cell lines, including 
ovarian cancer cell lines (Yotsumoto et al, 2008). Conse- 
quently, we expected that the contribution of stromal HB- 
EGF to tumor growth would be observed more prominently 
using HT-29 cells than using other cell lines expressing 
high levels of HB-EGF. From 1 week after a subcutaneous 
injection of HT-29 cells, nu/nu mice and HB hz/hz ;nu/nu 
mice were treated with CRM 197 at 0.2 mg/kg every day. 
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Fig. 7. Toxicology of CRM197 evaluated using hzHB-EGF knock-in mice. (A) Survival curve for a single-dose study. The indicated doses of CRM197 
were intraperitoneally injected into wild-type (+/+) and HB h2/llz (hz/hz) mice and their survival times were measured (n=5). (B) Effects of repeated doses of 
CRM197 on the body weights of mice. CRM197 at 0.2 or 1 mg/kg was intraperitoneally injected into wild-type (+/+) and HB h2/hz (hz/hz) mice every day for 
28 days. The average body weights at 0 and 28 days are shown as ratios to the values of untreated mice. Bars indicate the mean±SE (n=4). ***p<0.005. 
(C) Histology of HB hz * z mice treated with repeated doses of CRM197. CRM197 at 0.2 or 1 mg/kg was intraperitoneally injected into wild-type (+/+) and 
HB h2/to (hz/hz) mice every day for 28 days. The hearts were then removed and sections were subjected to Azan-Mallory staining. Repeated doses of CRM197 
at 1 mg/kg caused fibrosis of the cardiac muscle. 



CRM 197 significantly suppressed the tumor growth in 
HB hz/hz ;nu/nu mice but did not have this effect in nu/nu mice 
when the tumor growths were compared between the mice 
with and without CRM197 treatment (Fig. 6A). These 
results suggested that HB-EGF derived from the host 



stroma predominantly contributed to the tumor growth of 
HT-29 cells, rather than the HB-EGF derived from the 
HT-29 cells themselves. 

To further elucidate whether the host stroma-derived HB- 
EGF contributed to the tumor growth, we used allograft 
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models in which mouse carcinoma cell line MMT and LLC 
cells were injected subcutaneously into nu/nu mice and 
HB hz/1,z ;nu/nu mice, followed by administration of CRM197. 
In these models, CRM197 should not neutralize either 
cancer cell-derived mHB-EGF or stroma-derived mHB-EGF 
when the cells are injected into nu/nu mice, whereas it 
should only neutralize stroma-derived hzHB-EGF when the 
cells are injected into HB hz/1,z ;nu/nu mice. While CRM197 
did not inhibit the tumor growth of MMT cells in nu/nu 
mice, it significantly suppressed the tumor growth of MMT 
cells in HB hz/hz ;nu/nu mice (Fig. 6B). MMT cells induced 
HB-EGF expression in the cancer-associated stroma, 
whereas LLC cells did not (Fig. 1). Consistent with the loss 
of HB-EGF expression in the stromal region, tumors 
derived from LLC cells were not suppressed by CRM 197 in 
HB hz/hz ;nu/nu mice, similar to the case for nu/nu mice (Fig. 
6C). These results indicate that HB-EGF expressed in the 
cancer stroma plays a significant role in tumor growth, 
either directly or indirectly. Although further studies are 
required to clarify the role of stromal HB-EGF, we can 
nevertheless conclude that HB-EGF expressed in the cancer 
stroma could represent a potential molecular target for 
future cancer therapeutic strategies. 

Application of HB hz/hz mice to physiological and 
pharmacological studies 

The generated HB hz/hz mice will be useful for pharmacologi- 
cal studies of therapeutic agents targeting hHB-EGF. The 
clinical development of CRM197 as an anticancer drug is in 
progress. We have shown in the present study that HB-EGF 
in the tumor stroma also contributes to tumor growth. 
Therefore, the knock-in mice would be more appropriate 
for evaluating the tumor-suppressive effects of CRM 197 
than conventional xenograft models using nude mice. The 
knock-in mice can also be used for evaluating the side 
effects of CRM197. CRM197 possesses a subtle toxicity 
(less than 10~ 6 of the toxicity of DT) (Kageyama et al, 
2007). Single-dose toxicology tests showed that administra- 
tion of CRM197 at high doses (greater than 10 mg/kg) 
resulted in death (Fig. 7A), while repeated-dose tests 
revealed that daily administration of CRM197 at 1 mg/kg to 
HB hz * z mice caused body weight loss (Fig. 7B) and fibrosis 
of the cardiac muscle (Fig. 7C), although no overt abnor- 
malities were observed in other tissues including the liver, 
kidney and brain (data not shown). Therefore, use of HB hz/hz 
mice enables evaluations of the efficacy and toxicity of 
CRM197, and possibly other therapeutic agents targeting 
HB-EGF, such as antibody-based drugs, in the same mice. 

HB-EGF is widely involved in physiological and patho- 
logical processes in the body. Although HB-EGF-null mice 
are available, these null mice show severe phenotypes in the 
heart and other tissues, and most of the mice die in the neo- 
natal stage. HB hz,hz mice will be useful for future studies 
examining the roles of HB-EGF in the above-mentioned 



processes in combination with CRM197 or anti-HB-EGF 
antibodies. 
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Introduction. The purpose of this study was to deter- 
mine whether inhibition of the epidermal growth fac- 
tor receptor (EGFR) is a plausible therapeutic strat- 
egy in pancreatic cancer. 

Methods. A human pancreatic cancer cell line 
(HP AC) was evaluated for the presence of EGFR with 
rtPCR and immunohistochemistry. Cells were grown 
in the presence of either 50 or 100 jxm of erlotinib 
(EGFRI) for 72 hours and evaluated using the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Eighty-six athymic nude/nude mice un- 
derwent orthotopic implantation of 10 7 HPAC cells 
and were blindly randomized into four groups: (1) 
Control; (2) Batimastat, a matrix metalloproteinase in- 
hibitor (MMPI) at 400 ng/ml qod; (3) EGFRI at 100 
mg/kg qd; and (4) MMPI and EGRRI (both). In vitro and 
in vivo effects of EGFRI with and without MMPI were 
compared. 

Results. HPAC demonstrated high levels of expres- 
sion of both the EGFR gene and the gene product. In 
vitro, both doses of EGFRI significantly reduced pro- 
liferation of HPAC at 48 (50 /xm: 1.15 + 0.05 [st dev] 
versus 0.63 + 0.09 abs,P < 0.001) and 72 h (50 /xMi 1.48 ± 
0.09 versus 0.73 ± 0.05 abs, P < 0.001, paired Student's 
f~test). In vivo, each treatment group demonstrated a 
significant survival advantage (P = 0.0002 group 2, P = 
0.0001 group 3, P = 0.012 group 4, log rank test) over 
controls. Mice treated with EGFRI showed reduced 
tumor implantation, size, weight, metastatic potential, 
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and jaundice as compared to controls and MMPI- 
treated mice (all P < 0.05, Fisher's exact test). 

Conclusion. EGF receptor antagonism is not only a 
plausible therapy for treatment of ductal adenocar- 
cinoma of the pancreas, but is also superior to ma- 
trix metalloproteinase inhibition alone or in com- 
bination. © 2006 Elsevier Inc. All rights reserved. 

Key Words: EGF receptor; pancreatic adenocarcinoma; 
athymic mouse; immunohistochemistry. 



INTRODUCTION 

Effective treatment of pancreatic adenocarcinoma 
remains a major challenge in modern medicine. While 
surgical therapy offers patients with this disease hope 
for long-term survival or cure, over 80% of patients are 
ineligible for resection at presentation [1-3]. Further- 
more, recurrent disease following curative resection 
confers an abysmal prognosis as our current chemo- 
therapeutic regimens predictably fail in achieving a 
survival benefit in this patient population, while suc- 
ceeding in potentially unnecessary systemic toxicity [4]. 

The expansion and distribution of genetic technology 
has offered new insight into pancreatic adenocarci- 
noma. Numerous investigators have demonstrated 
that pancreatic adenocarcinomas, as well as other gas- 
trointestinal tumors, show significant expression of the 
epidermal growth factor receptor (EGFR) gene and 
gene product [2-9]. The EGF receptor is a transmem- 
brane tyrosine kinase protein that has been shown to 
be overexpressed in as many as 80% of pancreatic 
ductal adenocarcinomas [8, 9]. Stimulation of the EGF 
receptor in cancer cells in vitro results in the activation 
of multiple intracellular signaling cascades, which in- 
crease cellular proliferation and prevent programmed 
cell death [10-12]. 
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These findings support the EGF receptor as a poten- 
tial therapeutic target in the treatment of epithelial- 
derived solid tumors that express it and have resulted 
in the recent development of novel, innovative strate- 
gies for inhibition of this receptor, including monoclo- 
nal antibodies and small molecule tyrosine kinase in- 
hibitors specific for the EGF receptor. We have 
previously characterized EGF receptor gene and pro- 
tein expression in multiple pancreatic cancer cell lines 
and have shown that Erlotinib® (OSI-774, OSI Phar- 
maceuticals, Melville, NY), a small molecule tyrosine 
kinase inhibitor, inhibits in vitro proliferation of these 
cell lines, all of which express the EGFR [13]. The 
purpose of this investigation was to determine the ef- 
fect Erlotonib (EGFRI), on cellular proliferation in 
vitro and tumorigenesis using a cachexia model in vivo 
in a pancreatic cancer cell line known to express the 
EGF receptor using an established orthotopic model 
[14] . This model has been established by our laboratory 
and is known to result in consistent, predictable life 
expectancy in untreated animals at 60 days [13-18] . In 
this study, we hypothesized that EGF receptor inhibi- 
tion would inhibit cellular growth in vitro and, as such, 
generate a survival benefit in vivo. We further sought 
to contrast Erlotinib's in vivo activity against and in 
combination with BB-94, a matrix metalloproteinase 
inhibitor upon which the in vivo model was estab- 
lished. 

METHODS 
Cell Culture 

Human pancreatic adenocarcinoma (HPAC; ATCC No. CRL- 
2119), a moderately differentiated pancreatic cancer cell line with 
metastatic potential, was grown to near confluence in Falcon disposable 
100 X 20 mm tissue culture dishes (PGC Scientifics, Baltimore, MD). 
Media consisted of DMEM-F12 (Gibco, Carlsbad, CA) with 5% fetal 
bovine serum (Atlanta Biologicals, Lawrenceville, GA) and the follow- 
ing additives (Sigma-Aldrich, St. Louis, MO): insulin (1 mg/500 ml), 
transferrin (5 mg/500 ml), hydrocortisone (20 ng/500 ml), EGF (5 /xg/ 
500 ml), and penicillin/streptomycin solution (5 mg/500 ml). 

EGF Receptor Gene Expression 

Total RNA was harvested from near confluent dishes of HPAC. 
One million HPAC cells were scraped from 100 X 20 mm plates and 
then washed before the addition of 5 ml Trizol solution (Gibco-BRL). 
The solution was mixed for 20 s and then incubated at room tem- 
perature for 5 min. Following the addition of 1 ml chloroform, the 
solution was mixed and incubated at room temperature for 2 min. It 
was then centrifuged at 7200 g for 15 min at 4°C. RNA was precip- 
itated from the supernatant using 80% ethanol and purified using 
RNeasy Midi Kit (Qiagen, Inc., Valencia, CA) according to the man- 
ufacturer's instructions. 

A total of 500 ng of pure, total RNA was transcribed using AMV 
Reverse Transcriptase (Roche Applied Science, Indianapolis, IN). 
The resultant cDNA was then probed for EGF receptor gene expres- 
sion and the housekeeping control gene, glucose phosphate isomer- 
ase (GPI). PCR was run for 33 cycles using HotMaster Taq (Eppen- 
dorf Corp., Westbury, NY), denaturing at 95°C for 35 s, annealing at 
55°C for 25 s, and extending at 72°C for 35 s. Reactions were under- 




EGF Receptor Gene (EGFR) - 355 mcr 
Glucose Phosphate lsomerase (GPI) - 1 88 mer 



Primers (5' to 3') 


EGFR sense 


ATGTCCGGGAACACAAGAC 


EGFR ami 


1TCCGTC VI UGG( 1 uGAT 


GPI sense 


CCC :CC AGTTCC AG A AGCTC 


GPI mi 


GCATCACGTCCTCCGTCAC 



FIG. 1. Semiquantitative rtPCR for the EGF receptor gene 
(target gene), and glucose phosphate isomerase (control gene). 



taken with 2 jxl cDNA in a total volume of 26 li! and run on a 2% 
agarose gel with ethidium bromide for visualization (0.4 ^g/ml). 
Primer sequences are listed in Fig. 1. 

EGF Receptor Protein Expression 

For each cell line, a near confluent 100 X 20 mm dish was washed 
with 10 ml cold PBS twice, and cells were then lifted using 1 ml 0.1% 
trypsin-EDTA. Following dislodgement, cells were suspended in PBS 
with 20% fetal bovine serum and underwent centrifugation at 1500 g 
for 3 min. The supernatant was aspirated, and the cells were resus- 
pended in 1 ml of 20% FBS/PBS solution. At a 1:10 dilution, cells 
were counted via hemocytometer, and the volume necessary for 
suspending 50,000 cells in 250 ju,l of solution was calculated and 
placed on a pre-etched, double-positive Shandon slide. The slide was 
then centrifuged for 5 min at 570 rpm, fixed in 4% paraformaldehyde 
for 10 min, rinsed with nonsterile PBS, air-dried, and placed at 
-80°C overnight. 

Immunostaining was undertaken using a rabbit polyclonal anti- 
EGF receptor antibody targeting the carboxy-terminus of human 
EGF receptor (Santa Cruz Biotech, Santa Cruz, CA). Staining was 
carried out using a BenchMark IHC/ISH automated staining module 
(Ventana Medical Systems, Tucson, AZ) according to the manufac- 
turer's recommendations. Antibody was diluted to a 1:100 solution 
using Antibody Diluent (Ventana Medical Systems). An incubation 
time of 32 min was used. Cells were subsequently counterstained 
using hematoxylin, coverslipped, and graded by an independent pa- 
thologist using the scoring system described by Allred et al. [19]. 

EGFR Antagonism In Vitro 

At near confluence, cell lines were harvested using 0.1% 
trypsin-EDTA. Cells were centrifuged, diluted 1:10, and counted 
using a Coulter counter (Beckman Coulter Corp., Model Zl). Us- 
ing sterile 96-well plates, 2500 HPAC cells were plated per well. 
Cells were then grown for 72 h in the presence of the following: (1) 
control vehicle (0.1% DMSO); (2) 50 /j,m EGFRI in 0.1% DMSO; 
and (3) 100 /am EGFRI in 0.1% DMSO. Cellular proliferation was 
determined by CellTiter 96 assay at 24-h intervals for a total of 
72 h. At 24-h intervals, 15 /xl of 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT) solution (Promega, Madison, 
WI) was added to each well. This solution was then incubated for 4 h 
at 37°C in a 5% C0 2 environment. Next, 100 /xl of stop solution was 
added and allowed to incubate overnight. Plates were then sepa- 
rately mixed and read at 570 nm wavelength using a Dynatech 
MR5000 plate reader (Dynatech Laboratories, Inc., Chantilly, VA). 
Absorbance (abs) was recorded to the third decimal point, and cellu- 
lar growth curves were generated and compared to control at two 
time points, 48 and 72 h. Cells were plated in four wells each, and the 
experiments were carried out twice to confirm the results. 
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EGFR Antagonism In Vivo 

With full approval from the Laboratory Medical Ethics Committee 
at the University of South Florida, 86 NCI athymic nude/nude mice 
were obtained from the NCI Biotech Corporation. Mice were allowed 
to acclimate to their surroundings for 7 days. Subsequently, mice 
were anesthetized using 0.02 mg/kg intraperitoneal pentobarbital. A 
midline abdominal incision was used for exposure of the peritoneal 
cavity. The greater curvature of the stomach was identified and 
carefully delivered into the wound. Identification of the pancreas was 
done visually, and ten million HPAC cells suspended in a volume of 
0.1 ml Hank's balanced salt solution (HBSS, Gibco, Lot no. 1124589) 
were injected into the peripancreatic space using a 27-gauge needle. 

Prior to surgery, all animals were weighed to determine their 
baseline body weight. Individual animal weights were determined at 
7-day intervals throughout the course of the study. Our study used 
universally accepted criteria for morbidity, and animals determined 
to be in a premorbid state were euthanatized via carbon dioxide 
asphyxiation. The decision to euthanatize animals was made jointly 
by the principal investigator and the animal care coordinator at the 
James A. Haley Veterans Administration vivarium. Endpoints for 
compassionate euthanasia included the following: (1) cachexia (de- 
fined as body weight less than 10% baseline); (2) ataxia; (3) respira- 
tory rate <15 breaths per min as evidence of respiratory distress; (4) 
cyanosis; (5) profound loss of skin turgor; and (6) persistent isolation 
from cage mates with presence of skin lesions. The date of euthana- 
tization of the animals was reported as the date of death from disease 
in the survival analysis. 

Secondary endpoints included jaundice, ascites, tumor weight, 
and volume. Jaundice was determined by clinical examination of the 
skin. Ascites were defined as a protuberant abdomen with aspiration 
of 1 ml or greater of free, serous abdominal fluid prior to treatment. 
All tumors were excised immediately following death, weighed and 
measured, and then snap-frozen in liquid nitrogen. Tumor volume 
(TV) was calculated by the following formula: TV = 0.5a6 2 , where a 
is the length in mm, and b is the width in mm. 

Mice were allowed to recover for 7 days after tumor implantation. 
During this period, all mice were placed in a single cage and ran- 
domly selected to be placed in one of four subsequent cages: control, 
EGFRI, matrix metalloproteinase inhibitor (MMPI), or EGFRI plus 
MMPI (both). Thirteen mice were used as control animals, 18 MMPI, 
17 EGFRI, and 19 received both treatments. Numbers in each group 
reflect the number of animals surviving tumor implantation and 
either dying of tumor-related causes or surviving to the end of the 
study. 

Batimastat was used to institute MMPI. Batimastat (British Bio- 
medical Corp.) was suction-extracted from gel capsules and diluted 
in medium-chain triglyceride (MCT) oil to a concentration of 400 
ng/kg. Drug was administered in 100 /xl increments by sterile intra- 
peritoneal injection every other day for a total of 60 days. Erlotinib 
(EGFRI, OSI-774, OSI Pharmaceuticals) was solubilized in captisol 
solution (6% weight per volume) to a concentration of 100 mg/kg. 
Erlotinib was delivered by sterile intraperitoneal injection at a vol- 
ume of 100 [A every day for a total of 60 days. 

Both drugs were solubilized fresh on the day of injection. Mice 
receiving combination chemotherapy (MMPI and EGFRI) received 
two separate injections per treatment, each of which had a volume of 
100 jul. Control mice received 100 /xl of MCT oil every other day, and 
100 /xl of captisol every day by sterile intraperitoneal injection. 

Statistics and Data Management 

In vitro absorbance data were entered into an Excel spreadsheet 
(Microsoft Corp., Redmond, WA). Mean absorbances were compared 
for control versus each dose of EGFRI using a paired Student's t-test 
as were the absorbances between the two doses of EGFRI at 48 and 
72 h. Data are reported as mean ± standard deviation of absorbance. 
Significance was accepted when the P value was less than or equal to 
0.05. 



The risk of developing jaundice and ascites in each treatment 
group was compared against the control group using the Fisher's 
exact test. Significance again was accepted with P values <0.05 and 
is reported with 95% confidence intervals. Tumor weights and vol- 
umes between each group were compared using a paired Student's 
f-test and are reported as mean ± standard deviation. 

Survival curves were derived using the Kaplan-Meier method. 
Curves were compared for subgroups of animals using the log-rank 
test. First all four groups were compared to confirm or refute the null 
hypothesis: that the survival curves were not different. Next, six 
separate pair-wise comparisons were made using the log rank test: 
control versus EGFRI, control versus MMPI and control versus both, 
EGFRI versus MMPI, EGFRI versus both, and MMPI versus both. 
P values for each individual pair-wise comparison are reported in the 
figures. 

RESULTS 

EGFR Expression 

HPAC showed strong expression of the EGF receptor 
gene. EGF receptor mRNA expression is shown against 
the background of glucose phosphate isomerase in 
Fig. 1. Immunohistochemical analysis of HPAC cells 
showed significant receptor-specific staining for EGFR 
and was scored 8/8 by an independent pathologist us- 
ing the Allred scoring system (Fig. 2). 

In Vitro Growth Kinetics 

Cellular proliferation is illustrated in Fig. 3. Prolif- 
eration was significantly inhibited with 50 ju.m EGFRI 
versus control at 48 h (abs: 1.2 ± 0.05 [control] versus 
0.63 ± 0.094, P < 0.001) and 72 h (1.48 ± 0.089 [con- 
trol] versus 0.73 ± 0.047, P < 0.001). Proliferation was 
similarly reduced with the 100 jum dose at 48 h (1.2 ± 
0.05 [control] versus 0.74 ± 0.156, P < 0.001) and 72 h 
(1.48 ± 0.89 [control] versus 0.583 ± 0.187, P < 0.001); 
100 ju,M EGFRI was also significantly more inhibitory 
than 50 /xm at 72 h only (abs: 0.73 ± 0.047 [50 jum] 



t 




Strong Cytoplasmic * 
Staining for the s 
EGF Receptor ' 



m .. ' - * 

FIG. 2. Immunohistochemical staining for the EGF receptor in 
pancreatic cancer cells grown in vitro. (Color version of figure is 
available online.) 
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FIG. 3. In vitro growth kinetics of HPAC cells grown in presence 
of control vehicle (0.1% DMSO), 50 jam EGFRI, and 100 /am EGFRI. 
Kinetics were assessed using an MTT assay. Growth inhibition at 
each dose of EGFRI was significant at 48 and 72 h (P < 0.05, 
Student's t-test). 



versus 0.58 ± 0.187, P = 0.055). Trypan blue was used 
to confirm cell viability independently in all treatment 
groups. 

In Vivo Survival 

The treatments used generated significant survival 
differences in the three groups receiving chemotherapy 
(P < 0.05, log rank test). When compared individually 
against the control group, each treatment demon- 
strated a significant survival advantage. The greatest 
survival advantage was seen in mice treated with 
EGFRI alone (P < 0.0001 versus control), with 47% of 
those mice surviving to the predefined 60 day end 
point. Survival with associated P values are graphi- 
cally depicted in Fig. 4. Comparatively, mice undergo- 
ing MMPI alone demonstrated a significant survival 
advantage, but only 11% of those mice survived the 
60-day trial. Mice that received combination chemo- 
therapy (MMPI/EGFRI) showed significant survival 
improvement as compared to controls, but did signifi- 
cantly worse than either monotherapy subset. There 
was no survival advantage with EGFRI when com- 
pared to MMPI. 

Secondary Endpoints 

The likelihood of developing ascites or jaundice was 
significantly reduced in all groups receiving EGFRI as 
part of their regimen, while MMPI alone reduced the 
incidence of ascites only (Fig. 5). Side effects most 
commonly seen in the MMPI group included wound 
complications (dehiscence requiring reclosure), while 
the group receiving EGFRI had no notable side effects. 



Each treatment group had significantly smaller tu- 
mors by both weight and volume, as compared to con- 
trol animals. Addition of EGFRI either alone, or with 
MMPI, also resulted in smaller tumors by weight when 
compared to MMPI alone (Fig. 6). 

DISCUSSION 

Effective therapy for pancreatic adenocarcinoma 
has, thus far, eluded both physicians and surgeons. 
Recent advances in genetic profiling have allowed us to 
identify and examine the molecular foundations of this 
disease. One such foundation appears to be the EGF 
receptor. This receptor has been demonstrated to in- 
teract with numerous intracellular pathways impli- 
cated in both the genesis and the maintenance of pan- 
creatic adenocarcinoma [6, 13, 14, 20]. Numerous 
independent investigators have documented both 
genomic and proteomic overexpression of the EGF re- 
ceptor in pancreatic adenocarcinoma as compared to 
normal pancreata. Taken cumulatively, these observa- 
tions identify the EGF receptor as a plausible molecu- 
lar target for chemotherapy [6, 13, 14, 19-25]. In re- 
sponse to this identification, numerous methodologies 
for EGF receptor antagonism have been proposed and 
developed in the recent literature, including the devel- 
opment of an entirely new class of small molecule ty- 
rosine kinase inhibitors specific for the EGF receptor. 
The purpose of this investigation was to confirm over- 
expression of the EGF receptor in an immortalized 
pancreatic cell line and then to evaluate EGF receptor 
blockade as therapy in both an in vitro and an in vivo 
system. 

Using semiquantitative rtPCR and immunohisto- 
chemistry, our investigation demonstrated significant 
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FIG. 4. Kaplan-Meier survival curve demonstrating survival in 
four randomized groups of athymic nude mice. 
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Control 



MMPI 



EGFRI 



Both 



Treatment Group 

•p=0.0012 (0.0733-0.6349) vs control. 
"p=0.0024 (0.0788-0.6683) vs conlol, 
s p=0.029 (0.1987-0.8483) vs control 





Control MMPI EGFRI Both 

Treatment Group 

*p=0.004 (0.1606-0.7527) vs control, 
»p=0.0116 (0.2313-0.8197) vs control 

FIG. 5. Incidence of ascites and jaundice (MMIPI — matrix metalloproteinase inhibition with BB-94, EGFRI-EGF receptor inhibition with 
erlotinib). 



expression of the EGF receptor in our HPAC cell line. 
We isolated activated EGFR both on the cell mem- 
brane, and to a lesser extent, within the cytosol. This 
was not an unexpected finding. While the receptor 
itself is a transmembrane receptor, it does have an 
extracellular binding site, and an intracellular tyrosine 
kinase domain. This finding is consistent with other 
investigations, which also document significant ex- 
pression of the EGF receptor in numerous types of 
solid, epithelial-derived gastrointestinal cancers. Sub- 
sequently, utilization of EGF receptor blockade in an 
in vitro system demonstrated statistically significant 
growth inhibition at both 48- and 72-h intervals as 
compared to controls. These results suggested that 
pancreatic cancer cells with significant expression of 
the EGF receptor could be effectively treated with EGF 
receptor antagonism. Other independent investigators 



using multiple modalities for EGF receptor antago- 
nism have also demonstrated reduced cellular prolifer- 
ation, supporting EGF receptor antagonism as a plau- 
sible therapy for this disease. Sclabas et al. demon- 
strated significant growth inhibition using the anti- 
EGFR monoclonal antibody IMC-225 on MDA Panc-28 
cells grown in vitro [26]. Lee et al. demonstrated the 
efficacy of EGFR antagonism using two separate anti- 
oxidant flavonoids Quercetin and Luteolin. Their study 
showed significant inhibition of the EGF receptor, and 
a direct relationship between EGF receptor antago- 
nism and cellular growth inhibition [27]. Cumula- 
tively, these reports and others indicate that EGF re- 
ceptor antagonism in an in vitro system, regardless of 
inhibitory method used, is an effective measure for 
reduction of cellular proliferation in pancreatic adeno- 
carcinoma cells. 
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FIG. 6. Comparison of tumor weight (g) and volume (mm 3 ) between the treatment groups. 



Our murine model of pancreatic adenocarcinoma at- 
tempted to quantify the clinical potential of EGF re- 
ceptor antagonism for clinical treatment. A significant 
survival advantage was demonstrated in mice that re- 
ceived EGF receptor antagonism therapy as compared 
to the controls. Furthermore, EGF receptor antago- 
nism also outperformed matrix metalloproteinase in- 
hibition in numerous clinical categories, including the 
incidence of jaundice, ascites, tumor weight, and tumor 
volume. Also, 47% of mice treated with EGFRI were 
alive at 60 days, as compared with only 11% of mice 
receiving MMPI. These results suggest, but do not 
confirm, that EGFRI therapy is indeed superior to 
MMPI treatment. 

Our study did not document a synergistic effect of 
combination MMPI and EGFRI therapy. In fact, a de- 



creased survival was noted in our combination chemo- 
therapy cohort. Furthermore, an increase in the inci- 
dence of both ascites and jaundice in the combination 
chemotherapy group was noted as compared to our 
single-agent cohorts. Our interpretation of these re- 
sults is that significant hepatic toxicity was generated 
by multi-agent therapy and that survival in this group 
was reduced due to drug-induced systemic toxicity 
rather than failure to effectively treat the underlying 
cancer. The concomitant use of MMP inhibition and 
EGFR inhibition, in our opinion, still represents a 
plausible treatment modality for pancreatic adenocar- 
cinoma, but dose reductions of either agent or both 
appear to be indicated. 

This study offers further evidence that inhibition of 
the EGF receptor is a plausible therapy for pancreatic 
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adenocarcinoma. Our in vitro and in vivo investiga- 
tions clearly indicate that the EGF receptor remains an 
attractive molecular target for treatment in patients 
with this disease. Specifically, utilization of erlotinib, a 
small molecule tyrosine kinase inhibitor specific for the 
EGF receptor, may represent a clinically applicable 
and efficacious therapy for pancreatic adenocarcinoma. 
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ABSTRACT 

Purpose: The human epidermal growth factor receptor 
(EGFR) plays an oncogenic role in solid cancer, including 
brain cancer. The present study was designed to prolong 
survival in mice with intracranial human brain cancer with 
the weekly i.v. injection of nonviral gene therapy causing 
RNA interference (RNAi) of EGFR gene expression. 

Experimental Design: Human U87 gliomas were im- 
planted in the brain of adult scid mice, and weekly i.v. gene 
therapy was started at day 5 after implantation of 500,000 
cells. An expression plasmid encoding a short hairpin RNA 
directed at nucleotides 2529-2557 within the human EGFR 
mRNA was encapsulated in pegylated immunoliposomes. 
The pegylated immunoliposome was targeted to brain can- 
cer with 2 receptor-specific monoclonal antibodies (MAb), 
the murine 83-14 MAb to the human insulin receptor and 
the rat 8D3 MAb to the mouse transferrin receptor. 

Results: In cultured glioma cells, the delivery of the 
RNAi expression plasmid resulted in a 95% suppression of 
EGFR function, based on measurement of thymidine incor- 
poration or intracellular calcium signaling. Weekly i.v. 
RNAi gene therapy caused reduced tumor expression of 
immunoreactive EGFR and an 88% increase in survival 
time of mice with advanced intracranial brain cancer. 

Conclusions: Weekly i.v. nonviral RNAi gene therapy 
directed against the human EGFR is a new therapeutic 
approach to silencing oncogenic genes in solid cancers. This 
is enabled with a nonviral gene transfer technology that 
delivers liposome-encapsulated plasmid DNA across cellular 
barriers with receptor-specific targeting ligands. 
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INTRODUCTION 

The human epidermal growth factor receptor (EGFR) plays 
an oncogenic role in 90% of primary brain cancers such as glio- 
blastoma multiforme (1). In addition, the EGFR plays an oncogenic 
role in 70% of solid cancers that originate outside the brain (2). 
Because many solid cancers of peripheral organs metastasize to the 
brain, the EGFR plays a tumorigenic role in both primary brain 
cancer, as well as metastatic cancer to the brain. The development 
of brain cancer therapeutics, which knock-down the function of the 
EGFR, is made difficult by the presence of the blood-brain barrier 
(BBB). The BBB is formed by blood vessels that originate from 
normal brain, which perfuse the primary or metastatic cancer in 
brain. In the early and intermediate stages of brain cancer when 
therapeutic intervention is desirable, the capillaries perfusing the 
brain cancer have restrictive permeability properties (3), similar to 
capillaries in normal brain, which form the BBB (4). The problems 
presented by the BBB in the development of brain cancer thera- 
peutics are illustrated in the case of Herceptin, a humanized mono- 
clonal antibody to the HER2 receptor, which is a member of the 
EGFR gene family. Although Herceptin inhibits growth of HER2- 
positive cancer in the breast, this therapeutic is not effective against 
breast cancer that has metastasized to the brain (5). Large-molecule 
therapeutics, such as monoclonal antibodies or gene therapies, 
cannot cross the BBB. 

Gene therapy of brain cancer offers the promise of specif- 
ically knocking down the expression of oncogenic genes such as 
EGFR. However, gene therapy is limited by the delivery prob- 
lem, which is particularly difficult in brain because of the 
presence of the BBB. To circumvent the BBB, attempts have 
been made to deliver therapeutics to brain cancer by craniotomy. 
However, this approach is not effective, because there is limited 
diffusion of the therapeutic gene within the tumor from the 
fr<ms-cranial injection site (6). Therapeutics can be delivered to 
all of the cells in brain cancer via the /ra«.s-vascular route across 
the BBB (4). The /ra«s-vascular delivery of nonviral genes to 
brain is possible with a gene transfer technology that uses 
pegylated immunoliposomes (PILs; Ref. 7). With this approach, 
the nonviral plasmid DNA is encapsulated in the interior of an 
85-nm anionic liposome, and the surface of the liposome is 
conjugated with several thousand strands of polyethylene glycol 
(PEG). This "PEGylation" process restricts uptake of the lipo- 
some by the reticuloendothelial system and enables a prolonged 
blood residence time (8). The PEGylated liposome is then 
targeted across biological barriers in vivo with receptor-specific 
peptidomimetic monoclonal antibodies (MAbs) as depicted in 
Fig. IA. The application of the PIL nonviral gene transfer 
technology enabled a 100% increase in survival time of mice 
with intracranial human brain cancer with weekly i.v. injections 
of antisense gene therapy directed at the human EGFR (9). A 
eukaryotic expression plasmid, designated clone 882, which 
encodes for a 700 nucleotide RNA that is antisense to nucleo- 
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Fig. 1 Delivery of epidermal growth factor receptor KNA interference genes with pegylated immunoliposomes. A, model of pegylated immunoli- 
posome (PIL) that is doubly targeted to both the mouse transferrin receptor (mT/R) with the 8D3 monoclonal antibody (MAbl) and to the human 
insulin receptor (HIR) with the 83-14 monoclonal antibody (MAbl). Encapsulated in the interior of the PIL is the plasmid DNA encoding the short 
hairpin RNA (shRNA), which produces the RNA interference (RNAi). The gene encoding the shRNA is driven by the U6 promoter (pro) and is 
followed on the 3'-end with the T5 termination sequence for the U6 RNA polymerase. B, nucleotide sequence of the human epidermal growth factor 
receptor (hEGFR) sequence between nucleotides 2529 and 2557 is shown on top. The sequence and secondary structure of the shRNA produced by 
clone 967 is shown on the bottom. The antisense strand is 5' to the 8 nucleotide loop, and the sense strand is 3' to the loop. The sense strand contains 
4 G/U mismatches to reduce the Tm of hybridization of the stem loop structure; the sequence of the antisense strand is 100% complementary to the 
target mRNA sequence. C, human U87 glioma cells were incubated with [ 3 H]thymidine for a 48 h period that follows a 5-day period of incubation 
of the cells with HIRMAb-targeted PILs carrying either clone 967 or 882 plasmid DNA. A dose of 1 .4, 14, 140, or 1400 ng plasmid DNA per dish 
was used in each experiment. Data are mean (n = 3 dishes); bars, ±SE. 



tides 2317-3006 of the human EGFR (10), was encapsulated in 
PILs that were doubly targeted to brain cancer in vivo with 2 
MAbs of different receptor specificities (9). One MAb, the rat 
8D3 MAb to the mouse transferrin receptor (TfR), enabled 
transport of the PIL across the mouse BBB forming the micro- 
vasculature of the intracranial cancer. A second MAb targeted 
the human insulin receptor (HIR) that was expressed on the 
human brain cancer plasma membrane (Fig. \A). The targeting 
MAbs act as molecular Trojan horses to ferry the PIL across 
membrane barriers, and these MAbs are species specific (7). 
The 8D3 to the mouse TfR enables transport across the first 
barrier, the mouse BBB, but does not mediate transport of the 
PIL across the second barrier, the human brain cancer cell 
membrane. This is accomplished with the HIRMAb, which does 



not react with the mouse vascular endothelial insulin receptor. 
The doubly conjugated PIL is designated HIRMAb/TfRMAb- 
PIL (Fig. \A). To augment the potency of the clone 882 expres- 
sion plasmid, this vector contained the oriP and Epstein-Barr 
nuclear antigen (EBNA)-l elements (10), which allow for a 
single round of replication of the expression plasmid with each 
division of the cancer cell (11). The inclusion of the oriP/ 
EBNA-1 elements within the expression plasmid enables a 
10-fold increase in the level of gene expression in human U87 
glioma cells (12). However, the EBNA-1 gene encodes a tumor- 
igenic /ra«s-acting factor (13), and this formulation may not be 
desirable in human gene therapy. It is possible that the EBNA-1 
element would not be required if a more potent form of anti- 
sense gene therapy were used. 
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RNA interference (RNAi) is a new form of antisense gene 
therapy wherein an expression plasmid encodes for a short 
hairpin RNA (shRNA) that is composed of a stem-loop structure 
(14). This shRNA is processed in the cell to an RNA duplex 
with a 3 '-overhang, and this short RNA duplex mediates RNAi 
or post-transcriptional gene silencing. Although RNAi-based 
gene therapy offers promise for the treatment of cancer, the 
limiting factor is delivery. Therefore, the present studies were 
designed to test the therapeutic efficacy of i.v. RNAi-based gene 
therapy directed at the human EGFR in mice with brain cancer. 
A new expression plasmid was designed, which lacked the 
oriP/EBNA-1 elements and which encoded for an shRNA di- 
rected at a specific sequence in the human EGFR mRNA, and 
this plasmid was incorporated in HIRMAb/TfRMAb-PILs. 
These PILs were administered i.v. on a weekly schedule to mice 
with intracranial human brain cancer. 

MATERIALS AND METHODS 

Materials. 1 -Palmitoyl-2-oleoyl-,$«-glycerol-3-phospho- 
choline and dimethyldiocladecylammonium bromide were pur- 
chased from Avanti-Polar Lipids, Inc. (Alabaster, AL). Dis- 
tearoylphosphatidylethanolamine-PEG 2000 was obtained from 
Shearwater Polymers (Huntsville, AL), where PEG 2000 is 2000 
Dalton polyethyleneglycol. Distearoylphosphatidylethano- 
lamine-PEG 2000 -maleimide was custom synthesized by Shear- 
water Polymers. [a- 32 P]dCTP (3000 Ci/mmol) was from 
Perkin-Elmer (Boston, MA), and jV-succinimidyl[2,3- 3 H]propi- 
onate (101 Ci/mmol) and protein G Sepharose CL-4B were 
purchased from Amersham-Pharmacia Biotech (Arlington 
Heights, IL). The 2-iminothiolane (Traut's reagent) and bicin- 
choninic acid protein assay reagents were obtained from Pierce 
Chemical Co. (Rockford, IL). The anti-TfRMAb used in this 
study is the 8D3 rat MAb to the mouse TfR (1 5). The 8D3 M Ab 
is specific for the mouse TfR and is not active in human cells. 
The anti-insulin receptor MAb used for gene targeting to human 
cells is the murine 83-14 MAb to the human insulin receptor 
(HIR; Ref. 16). The TfRMAb and HIRMAb were individually 
purified with protein G affinity chromatography from hybri- 
doma generated ascites. Custom olideoxynucleotides (ODNs) 
were obtained from Biosource (Camarillo, CA). The nick trans- 
lation system and the Escheria coli DH5a competent cells were 
purchased from Invitrogen (San Diego, CA). All of the restric- 
tion endonucleases were obtained from New England Biolabs 
(Boston, MA). Horse serum, rabbit serum, donkey serum, 
mouse IgGl isotype, rat IgG, and glycerol-gelatin were from 
Sigma-Aldrich Chemical Co. (St. Louis, MO). The biotinylated 
horse antimouse IgG, biotinylated rabbit antirat IgG, Vectastain 
ABC kit, 3-amino-9-ethylcarbazole substrate kit, and Vectash- 
ield mounting medium were purchased from Vector Laborato- 
ries (Burlingame, CA); 488 Alexa fluor donkey antimouse IgG 
and 594 Alexa fluor donkey antirat IgG were obtained from 
Molecular Probes (Eugene, OR). OCT compound (Tissue-Tek) 
was purchased from Sakura FineTek (Torrance, CA). 

Construction of Expression Plasmids. ODN duplexes 
corresponding to the various EGFR shRNAs were designed as 
described by Paddison et al. (17), and shown in Table 1. The 
shRNA sequence intentionally included nucleotide mismatches 
in the sense strand (Fig. 15) to reduce the formation of DNA 



hairpins during cloning. Because the antisense strand remains 
unaltered, these G-U substitutions do not interfere with the 
RNAi effect (18). Forward ODNs contain a U6 polymerase stop 
signal (T 6 ; Table 1). Reverse ODNs contain 4-nucleotide over- 
hangs specific for the EcoRl and Apa\ restriction sites at 5'- and 
3'-end, respectively (Table 1), to direct subcloning into the 
cohesive ends of the expression plasmid (19). The empty ex- 
pression plasmid is designated clone 959 (Table 2). Comple- 
mentary ODNs were heat denatured (4 min at 94°C) and an- 
nealed at 65°C for 16 h in 10 mM sodium phosphate (pH = 7.4), 
150 mM sodium chloride, and 1 mM EDTA. Double-stranded 
ODNs were ligated into the expression plasmid at EcoRl and 
Apal sites. E. coli DH5a competent cells were transformed, and 
clones with the correct RNAi inserts were confirmed by DNA 
sequencing using the T3 primer and restriction endonuclease 
mapping with Nael. 

A total of 6 anti-EGFR shRNA encoding expression plas- 
mids were produced and designated clones 962-964 and 966- 
968 (Tables 1-2). The sequence of the antisense strand of each 
of the 6 shRNAs matches 100% with the target sequence of the 
human EGFR (accession no. X00588). The EGFR knockdown 
potency of these 6 shRNA encoding expression plasmids was 
compared with the EGFR knockdown effect of clone 882, which 
is a eukaryotic expression plasmid described previously (10). 
Clone 882 is derived from pCEP4, is driven by the SV40 
promoter, contains EBNA-l/oriP elements, and encodes for a 
700 nucleotide antisense RNA complementary to nucleotides 
2317-3006 of the human EGFR (10). The RNAi effect on the 
human EGFR was screened by measuring the rate of [ 3 H]thy- 
midine incorporation into human U87 glioma cells in tissue 
culture. 

Thymidine Incorporation in U87 Glioma Cells. U87 

human glioma cells were grown in six-well cluster dishes with 
MEM containing 10% fetal bovine serum. After the cells 
reached 50-60% confluence, the growth medium was replaced 
with 1.5 ml of serum-free MEM containing 1 \xg of each 
plasmid DNA (clone 959, 962-964, 966-968, or 882) and 10 pi 
(20 u-g) of Lipofectamine and incubated for 4 h at 37°C. The 
medium was replaced with MEM with 10% fetal bovine serum 
and incubated for 24 h. A final concentration of 2 p,Ci/ml of 
[ 3 H]thymidine and 10 p.M of unlabeled thymidine were added to 
each dish, and dishes were incubated at 37 C for 48 h. The cells 
were harvested for measurement of [ 3 H]thymidine incorporation 
as described previously (10). 

The transfection of the U87 cells with Lipofectamine dem- 
onstrated that clone 967 was the most potent clone causing 
RNAi of EGFR expression. A dose response study with clone 
967 was performed, in parallel with a dose response study for 
clone 882, which encodes for the 700 nucleotide EGFR anti- 
sense RNA (10). U87 cells were grown on 3 5 -mm collagen- 
treated dishes. After the cells reached 50-60% confluence, the 
medium was aspirated, and 2 ml of fresh MEM with 10% fetal 
bovine serum and HIRMAb-PILs encapsulated with clone 967 
or clone 882 at a dose of 1.4, 0.14, 0.014, or 0.0014 (xg 
DNA/dish were added. The cells were incubated for 5 days at 
37°C. During this period, 2 ml of fresh medium was added after 
3 days of incubation. At 5 days, the medium was aspirated, and 
2 ml of fresh growth medium containing 2 u,Ci/ml of [^thy- 
midine and 10 u,m of unlabeled thymidine were added to each 
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Table 1 Design of shRNA" to target EGFR mRNA: list of ODNs used for the construction of expression plasmids 
Nucleotide overhangs to the Eco RI and Apal restriction sites at 5'- and 3 '-end of reverse ODNs are underlined. EGFR mRNA nucleotide 
sequences are taken from accession no. X00588. 



Plasmid EGFR 

number mRNA (nt) ODN sequence 



962 


187- 


-219 


Forward: 
Reverse : 


GCTGCCCCGGCCGTCCCGGAGGGTCGCATGAAGCTTGATGCGACTCTTCGGGACGGTCGGGGTAGCGCTTTTTT 

AATTAAAAAAGCGCTACCCCGACCGTCCCGAAGAGTCGCATCAAGCTTCATGCGACCCTCCGGGACGGCCGG 

GGCAGCGGCC 


963 


2087-2119 


Forward: 


GATCTTAGGCCCATTCGTTGGACAGCCTTGAAGCTTGAGGGTTGTCCGACGAATGGGCCTAAGATTCCTTTTTT 








Reverse : 


AATTAAAAAAGGAATCTTAGGCCCATTCGTCGGACAACCCTCAAGCTTCAAGGCTGTCCAACGAATGGGCCT 
AAGATCGGCC 


964 


3683- 


-3715 


Forward : 
Reverse : 


GTCCTGCTGGTAGTCAGGGTTGTCCAGGCGAAGCTTGGTCTGGATAATCCTGACTATCAGCAGGACTTTTTTTT 

AATTAAAAAAAAGTCCTGCTGATAGTCAGGATTATCCAGACCAAGCTTCGCCTGGACAACCCTGACTACCAGC 

AGGACGGCC 


966 


2346- 


-2374 


Forward : 
Reverse : 


GTCCCTTATACACCGTGCCGAACGCACCGGAAGCTTGCGGTGCGTTCGGCGCGGTGTGTGAGGGATTCTTTTTT 

AATTAAAAAAGAATCCCTCACACACCGCGCCGAACGCACCGCAAGCTTCCGGTGCGTTCGGCACGGTGTATAA 

GGGACGGCC 


967 


2529- 


-2557 


Forward : 
Reverse : 


GCGTGATGAGTTGCACGGTGGAGGTGAGGGAAGCTTGCTTCGCCTCCACCGTGCAATTCATCGCGCAGTTTTTT 

AATTAAAAAACTGCGCGATGAATTGCACGGTGGAGGCGAAGCAAGCTTCCCTCACCTCCACCGTGCAACTCAT 

CACGCGGCC 


968 


2937- 


-2965 


Forward : 
Reverse : 


GGATGGAGGAGATCTCGCTGGCAGGGATTGAAGCTTGAGTCTCTGCCGGCGAGATCTCCTCCGTCCTGTTTTTT 

AATTAAAAAACAGGACGGAGGAGATCTCGCCGGCAGAGACTCAAGCTTCAATCCCTGCCAGCGAGATCTCCT 

CCATCCGGCC 



" shRNA, short hairpin RNA; EGFR, epidermal growth factor receptor; ODN, olideoxynucleotide; nt, nucleotide. 



dish, followed by a 48-h incubation at 37°C. At the end of the 
incubation, [ 3 H]thymidine incorporation was measured and ex- 
pressed as nmol thymidine incorporated/mg cell protein, as 
described previously (10). 

EGFR Western Blotting. Human U87 cells were grown 
in 35-mm dishes to 80% confluency and then exposed for 4 h to 
serum-free medium containing 1.5 p*g/dish clone 967, 962, 952, 
or 882 in Lipofectamine, as described previously (10). Clones 
962 and 967 produce an anti-EGFR shRNA clone (Tables 1-2), 
clone 882 produces a 700 nucleotide RNA antisense to the 
human EGFR mRNA (10), and clone 952 produces an shRNA 
directed against the luciferase mRNA, as described previously 
(19). After the initial 4-h incubation, the medium was replaced 
with fresh medium containing 10% fetal bovine serum, and the 
cells were harvested 48 h later for electrophoresis through a 
reducing 7.5% SDS-PAGE and blotting to nitrocellulose. The 
primary antibody was a 1:1000 dilution of the rabbit polyclonal 
antibody (#2232) to the human EGFR from Cell Signaling 
Technology (Beverly, MA). The secondary antibody was a 
conjugate of peroxidase and a goat-antirabbit antibody from 
Sigma (A0545), and the immune reaction was determined with 
the enhanced chemiluminescence method as described previ- 
ously (10). The X-ray film was scanned into Adobe PhotoShop 
and intensity of the band corresponding to the 1 70 kDa immu- 
noreactive EGFR was quantified with NIH Image software. 

Synthesis of PILs. Clone 967 or 882 plasmid DNA was 
encapsulated in PILs as described previously (8, 10, 20). The 
liposome was 85-100 run in diameter, and the surface of the 
liposome was conjugated with several thousand strands of 2000 
Da PEG. The tips of about 1-2% of the PEG strands were 
conjugated with 83-14 HIRMAb and the 8D3 TfRMAb, as 
described previously (9). Any plasmid DNA not encapsulated in 
the interior of the liposome was quantitatively removed by 
exhaustive nuclease treatment (8). In a typical synthesis, 30- 
40% of the initial plasmid DNA (200 |xg) was encapsulated 



within 20 p.mol of lipid, and each liposome had a range of 
43-87 MAb molecules conjugated to the PEG strands (9). 

Calcium Signaling. U87 cells were grown in 35-mm 
plastic flasks and passaged onto 18-mm diameter glass cover- 
slips in 12-well plates. Growth medium was composed of 
DMEM-F12 supplemented with 5% fetal bovine serum, 5% 
horse serum, penicillin, and streptomycin. Cells were grown at 
37° in a humidified incubator with 5% CO,. At 1-2 days after 
passage, cells were exposed to HIRMAb-PILs carrying clone 
967 plasmid DNA by addition of the PILs directly to the wells 



Table 2 shRNA" target site within human EGFR mRNA and 

biological activity in U87 cells 
Human U87 glioma cells were incubated with 1 u,g plasmid DNA 
and 20 p,g Lipofectamine in serum-free medium for 4 h. The medium 
was then replaced, and 24 h later [ 3 H]thymidine (2 nCi/ml) and 10 p,M 
unlabeled thymidine were added, and the cells were incubated for a 48-h 
period before measurement of thymidine incorporation. Data are 
mean ± SE {n = 3 dishes). 

Thymidine 



Plasmid 


RNA 


EGFR mRNA 


incorporation 


number 


type 


sequence 


(% inhibition) 4 


959 


None 


None 


0 


962 


shRNA 


187-219 


0 


963 


shRNA 


2087-2119 


0 


966 


shRNA 


2346-2374 


59 ± 1 


967 


shRNA 


2529-2557 


97 ± 3 


968 


shRNA 


2937-2965 


72 ± 3 


964 


shRNA 


3683-3715 


59 ± 3 


882 


Antisense 


2317-3006 


100 



"shRNA, short hairpin RNA; EGFR, epidermal growth factor 
receptor. 

6 % inhibition of thymidine incorporation = [(A - B)/(A - C)] 
X 1 00, where A = thymidine incorporation with clone 959 (the empty 
expression plasmid), B = thymidine incorporation with clone 962, 963, 
964, 966, 967, or 968, and C = thymidine incorporation with clone 882. 
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without medium exchange. Cells were maintained in the same 
medium (with or without PILs) for 12-48 h before experimen- 
tation. Epidermal growth factor (EGF) has been shown to evoke 
intracellular calcium signaling in brain tumor cells (21), and a 
similar response in human U87 glioma cells was found in these 
studies. Changes in [Ca 2+ ]; were measured using a video im- 
aging system as described previously (22). Cells were incubated 
at room temperature for 30 min - 1 h in HBSS containing 2.5 |XM 
fluo-4-AM (Molecular Probes). Cells were then washed and 
maintained in fresh medium for at least 30 min to allow com- 
plete de-esterification of dye. Cells were then placed in an open 
slide flow-chamber on the stage of a Nikon inverted microscope. 
Changes in [Ca 2+ ]i in fields of cells (typically 60-80 cells/ 
field) were measured with 488-nm excitation via a Nikon X20 
epifluorescence objective. Fluorescence at 510 nm was recorded 
with a silicon-intensified tube camera (Hamamatsu) and digi- 
tized at a resolution of 640 X 480 pixels using an Axon Image 
Lightning board and Image WorkBench software. Spontaneous 
activity was recorded for 60-120 min, after which EGF (200 
ng/ml in HBSS) was applied by bath perfusion. The change in 
fluorescence of fluo-4 for individual cells in the field was 
displayed as a continuous record showing the time course of 
change in fluorescence for regions of interest drawn for each 
individual cell. A response to EGF, ATP, or bradykinin was 
defined as an increase in fluo-4 fluorescence of at least 20% 
above baseline during 120 s of EGF exposure. 

In Vivo Brain Cancer Model. All of the animal proce- 
dures were approved by the University of California Los An- 
geles Animal Research Committee. Female severe combined 
immunodeficient (scid) mice weighing 19-21 g were purchased 
from the Jackson Laboratory (Bar Harbor, ME). A burr hole was 
drilled 2.5 mm to the right of midline and 1 mm anterior to 
bregma. U87 glioma cells were suspended in serum-free MEM 
containing 1.2% methylcellulose. Five jjlI of cell suspension 
(5 X 10 = cells) were injected into the right caudate-putamen 
nucleus at a depth of 3.5 mm over 2 min, using a 10-p,l 
Hamilton syringe with fixed needle. The animals were treated 
i.v. once a week starting at day 5 after implantation. By 5 days 
after the implantation of 500,000 U87 cells, the tumor is large 
and fills the entire volume of the striatum in brain (23). Weekly 
i.v. gene therapy was administered at 5, 12, 19, and 26 days after 
implantation. Mice were treated with either saline or 5 p,g/ 
mouse of clone 967 DNA encapsulated in the HIRMAb/ 
TfRMAb-PILs. 

Confocal Microscopy and Immunocytochemistry. 
Brains were removed immediately after sacrifice and cut into 
coronal slabs from the center of rumor. Slabs were embedded in 
OCT medium and frozen in dry ice powder. Frozen sections (20 
p-m) of mouse brain were cut on a Mikron HM505E cryostat. 
Sections were fixed in cold 100% methanol for 20 min at 
— 20°C. For confocal microscopy, nonspecific binding of pro- 
teins was blocked with 10% donkey serum-PBS for 30 min. The 
sections were incubated in primary antibody overnight at 4°C. 
The primary antibodies were the rat 8D3 MAb to the mouse TfR 
(10 u,g/ml) and the mouse 528 MAb against the human EGFR 
(10 u,g/ml). After a PBS wash, a rhodamine-conjugated donkey 
antirat IgG secondary antibody, 5 u,g/ml, was added for 30 min 
at room temperature. The slides were then washed and incubated 
with fluorescein-conjugated goat antimouse IgG at 5 (J.g/ml for 



30 min at. room temperature. The sections were mounted on 
slides, and viewed with a X4X objective and a Zeiss LSM 5 
PASCAL confocal microscope with dual argon and helium/neon 
lasers. The sample was scanned in multitrack mode to avoid 
leakage of the fluorescein signal into the rhodamine channel. 
Sections were scanned at intervals of 0.8 u,m and reconstructed 
with Zeiss LSM software. Control experiments used either a rat 
IgG (Sigma) or a mouse IgGl (Sigma) as primary antibodies in 
lieu of the rat antimouse TfR or the mouse antihuman EGFR 
antibody, respectively. 

Immunocytochemistry was performed by the avidin-biolin 
complex immunoperoxidase method (Vector Laboratories). To 
stain the human EGFR, the mouse 528 MAb antihuman EGFR 
was used as the primary antibody (24); to stain the mouse TfR, 
the rat 8D3 MAb antimouse TfR was used as the primary 
antibody (9). Endogenous peroxidase was blocked with 0.3% 
H 2 0 2 in 0.3% horse serum-PBS for 30 min; nonspecific binding 
of proteins was blocked with 3% horse or rabbit serum in PBS 
for 30 min. For mouse TfR staining using rat 8D3 MAb, rabbit 
serum was used in the blocking steps. Sections were then 
incubated in 10 p-g/ml of primary antibody overnight at 4°C. 
Identical concentrations of isotype control antibody were also 
used as primary antibody. Mouse IgGl was used as the isotype 
antibody for 528 MAb, and rat IgG was used as the isotype 
control antibody for 8D3 MAb. After incubation and wash in 
PBS, sections were incubated in either biotinylated horse anti- 
mouse IgG (for 528 MAb) or biotinylated rabbit antirat IgG (for 
8D3 MAb) for 30 min, before color development with 3-amino- 
9-ethylcarbazole. Slides were not counterstained. The sections 
immunostained with the mouse vascular specific marker, the 
TfRMAb, were quantified with light microscopy and an optical 
grid and expressed as capillaries per 0.1 mm 2 of brain tissue. 

RESULTS 

Design of shRNA Encoding Plasmid. Forward and re- 
verse synthetic ODNs were designed to produce shRNAs di- 
rected at three broadly spaced regions of the human EGFR 
mRNA at nucleotides 187-219 (clone 962), 2087-2119 (clone 
963), and 3683-3715 (clone 964), and the ODN sequences are 
given in Table 1 . The biological activity of the EGFR RNAi 
plasmids was tested by measuring the inhibition of [ 3 H]thymi- 
dine incorporation in U87 human glioma cells (Table 2). Clones 
962-963 caused no knockdown of EGFR action, and the effect 
of clone 964 was intermediate (Table 2). Therefore, a second 
series of ODNs were designed to produce shRNAs directed at 
three different regions within nucleotides 2300-3000 of the 
human EGFR mRNA, including 2346-2374 (clone 966), 2529- 
2557 (clone 967), and 2937-2965 (clone 968) as shown in Table 
1 . Whereas the knockdown of EGFR function was intermediate 
with clones 966 and 968, clone 967 produced a level of inhibi- 
tion of [ 3 H]thymidine incorporation comparable with clone 882 
(Table 2). The sequence and secondary structure of the shRNA 
produced by clone 967 is shown in Fig. IS. 

The anti-EGFR shRNA encoding plasmids were initially 
delivered to U87 human glioma cells with Lipofectamine (Table 
2). Clone 967 or 882 plasmid DNA were then encapsulated in 
HIRMAb-targeted PILs and added to U87 cells without Lipo- 
fectamine at various doses of plasmid DNA ranging from 1.4 to 
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Fig. 2 Epidermal growth factor receptor Western blotting. U87 human 
glioma cells were exposed to clone 967, clone 882, clone 952, or clone 
962 plasmid DNA for 48 h and harvested for epidermal growth factor 
receptor Western blotting. Films were scanned and quantified with NIH 
Image software; arbitrary densitometric units (ADU) were computed for 
each treatment group. A representative scan is shown at the top of each 
mean (« = 3-4 dishes); bars, ±SE. 



1400 ng/dish. Either plasmid DNA was equally active in sup- 
pressing thymidine incorporation with an ED 50 of ~ 1 00 ng/dish 
(Fig. 1Q. 

Western Blotting. The EGFR Western blots are shown 
in Fig. 2, as are the results of the scanning densitometry of the 
intensity of the 1 70 kDa EGFR band (Fig. 2, top). There is no 
significant difference in the level of the immunoreactive EGFR 
in the cells expose to either clone 952, which produces an 
shRNA directed against luciferase (19), or clone 962, which 
produces an shRNA against an inactive site of the EGFR mRNA 
(Table 2). However, exposure of the cells to either clone 967 or 
clone 882 caused a 68% and 88% inhibition of the expression of 
the immunoreactive EGFR, respectively (Fig. 2). 

Calcium Signaling in U87 Glioma Cells in Tissue Cul- 
ture. To confirm the inhibition of functional EGFR expression 
by PIL-mediated RNAi in cell culture, we examined Ca 2+ 
signaling in U87 cells in response to EGF using fluorescence 
video microscopy. The majority of U87 cells respond to EGF 
(200 ng/ml) with an increase in [Ca 2+ ]j that begins 10-30 s after 
exposure to EGF and continues for 60-300 s (Table 3; Fig. 3A). 
Treatment of U87 cells with HIRMAb-PILs containing 0.125 
|xg clone 967 plasmid DNA per 18 mm coverslip resulted in a 
significant reduction in the number of cells responding to EGF, 
whereas treatment with 0.25-1 .5 (j,g DNA of clone 967 abol- 
ished the Ca 2+ response to EGF in nearly all of the cells (Table 
3; Fig. 35). The inhibition of the response to EGF was observed 
at 12 and 24 h after exposure to the PILs, whereas the Ca 2+ 
signaling response was largely restored at 48 h after PIL expo- 
sure (Table 3). To determine whether the PILs or shRNA 
encoding plasmid DNA had any nonspecific effects on Ca 2+ 
signaling, we examined the response of the cells to ATP and 
bradykinin. The percentage of cells responding to ATP (1 \im) 
and bradykinin (100 ilm) were not significantly different for 
controls versus cells exposed to HIRMAb-targeted PILs encap- 
sulated with clone 967 plasmid DNA (1.5 fj,g) for 24 h (Table 
3). The amplitude and duration of the Ca 2+ responses were also 



similar, indicating that the treatment did not have a nonspecific 
effect on Ca 2+ signaling evoked by other ligands. 

Intravenous Anti-EGFR Gene Therapy of Intracranial 
Brain Cancer. Human U87 glioma cells were implanted in 
the caudate-putamen nucleus of adult scid mice, which causes 
death at 14-20 days secondary to the growth of large intracra- 
nial tumors. Starting on day 5 after implantation, mice were 
treated with weekly i.v. injections of either saline or 5 jig/mouse 
of clone 967 plasmid DNA encapsulated in PILs that were 
doubly targeted with both the 83-14 murine MAb to the HIR 
and the 8D3 rat. MAb to the mouse TfR (Fig. \A). The saline- 
treated mice died between 14 and 20 days after implantation 
with an ED 50 of 17 days (Fig. 4). The mice treated with i.v. gene 
therapy died between 3 1 and 34 days postimplanation with an 
ED 50 of 32 days, which represents an 88% increase over the 
ED 50 in the saline-treated animals (Fig. 4). 

The tumors were examined at autopsy by immunocyto- 
chemistry using the rat 8D3 MAb to the mouse TfR, which 
stains the vessels perfusing the tumor (Fig. 5). Unlike the cancer 
cells, the cells comprising the tumor vessels are of mouse brain 
origin and express the murine TfR (9). The tumors from the 
saline-treated animals were well vascularized and expressed the 
murine TfR (Fig. 5, A-Q. Fig. 55 shows the immunoreactive 
murine TfR on the vascular endothelium of normal brain and the 
tumor. A blood vessel originating from normal brain and ex- 
tending into the tumor is visible (see asterisk, Fig. 55). The 
border between the tumor and the normal brain frequently had a 
low vascular density as shown in Fig. 55. The vascular density 
in the tumors of the mice treated with clone 967 encapsulated in 
the HIRMAb/TfRMAb-PIL was visibly reduced (Fig. 5D), al- 
though gene therapy did not cause a visible decrease in vascular 
density in normal brain as shown in Fig. 5E. The vascular 
density in the tumor center, the tumor periphery, and the con- 



Table 3 Effect of EGFR" RNAi on intracellular calcium flux in 
human U87 glioma cells 







Exposure 


[Ca ++ ]i 




Signaling 


RNAi dose 


time 


response 


Cells 


molecule 


(p,g DNA/dish) 


(hr) 


(% of cells) 


counted 


EGF 


0 




90 ± 6 


360 


(200 ng/ml) 












0.125 


24 


21 ± 8* 


180 




0.25 


24 


12 ± 3 b 


180 




0.5 


24 


4 ± 2* 


180 




1.0 


24 


4 ± 3'' 


180 




1.5 


24 


6 ±4* 


180 


EGF 


0 




91 ± 5 


180 


(200 ng/ml) 












1.5 


12 


5 ± 3* 


180 




1.5 


24 


6 ± 4 b 


180 




1.5 


48 


63 ±4 C 


180 


ATP (1 |xm) 


0 




67 ± 8 


180 




1.5 


24 


72 ± 6 


180 


BK (100 nM) 


0 




94 ± 2 


180 




1.5 


24 


94 ± 3 


180 



" EGFR, epidermal growth factor receptor; RNAi, RNA interfer- 
ence; EGF, epidermal growth factor; BK, bradykinin 

b P < 0.005 difference from control, which is the RNAi dose = 0. 
Mean ± SE. 

c P < 0.05 difference from control, which is the RNAi dose = 0. 
Mean ± SE. 
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Fig. 3 Knock down of epidermal growth factor receptor-mediated calcium signaling by RNA interference. Maximum Fluo-4 fluorescence in cultured 
U87 human glioma cells is shown after stimulation with 200 ng/ml human epidermal growth factor. Before measurement of calcium-induced 
fluorescence, the cells were preincubated for 24 h with either vehicle (A) or HIRMAb-targeted pegylated immunoliposomes carrying clone 967 
plasmid DNA at a dose of 0.5 |xg DNA per dish (S). 



tralateral normal brain was quantified by light microscopy. 
Although gene therapy caused no decrease in the vascular 
density of normal brain, the treatment with clone 967 resulted in 
an 80% and 72% decrease in vascular density in the tumor 
center and tumor periphery, respectively, as compared with the 
saline-treated animals (Table 4). 

Confocai Microscopy. The tumor sections were immu- 
nostained with both the rat 8D3 MAb to the vascular mouse TfR 
(red channel) and the murine 528 MAb to the tumor EGFR 
(green channel) as shown in Fig. 6. There is down-regulation of 




Days post-impiarttation 

Fig. 4 Survival study, i.v. RNA interference (RNAi) gene therapy 
directed at the human epidermal growth factor receptor is initiated at 5 
days after implantation of 500,000 U87 cells in the caudate putamen 
nucleus of scid mice, and weekly i.v. gene therapy is repeated at days 
12, 19, and 26 (arrows). The control group was treated with saline on the 
same days. There are 1 1 mice in each of the two treatment groups. The 
time at which 50% of the mice were dead (ED 50 ) is 17 days and 32 days 
in the saline and RNAi groups, respectively. The RNAi gene therapy 
produces an 88% increase in survival time, which is significant at the 
P < 0.005 level (Fisher's exact test). 



the immunoreactive EGFR in the RNAi-treated tumors (Fig. 6, 
A-C) relative to the saline treated tumors (Fig. 6, D-F). 

DISCUSSION 

The results of these studies are consistent with the follow- 
ing conclusions. First, it is possible to knock down EGFR gene 
expression with i.v. gene therapy that uses expression plasmids 
encoding a shRNA directed at nucleotides 2529-2557 of the 
human EGFR mRNA (Table 2). Second, EGFR expression 
knockdown is demonstrated by the inhibition of thymidine 
incorporation or calcium flux in human U87 glioma cells in 
tissue culture (Tables 2 and 3; Fig. 3), by the decrease in the 
expression of immunoreactive EGFR in cell culture (Fig. 2), and 
by the decrease in brain cancer expression of immunoreactive 
EGFR in vivo (Fig. 6). Third, anti-EGFR gene therapy has an 
antiangiogenic effect and results in a 72-80% decrease in vas- 
cular density of the tumor (Fig. 5; Table 4). Fourth, weekly i.v. 
anti-EGFR gene therapy results in an 88% increase in survival 
time in adult mice with intracranial brain cancer (Fig. 4). 

The discoveiy of RNAi-active target sequences within the 
human EGFR transcript required several iterations (Tables 1 and 
2). These findings were consistent with the suggestion of Mc- 
Manus and Sharp (14), that ~1 of 5 target sequences yield 
therapeutic effects in RNAi. Prior work had shown that EGFR 
gene expression could be inhibited with RNA duplexes deliv- 
ered to cultured cells with oligofectamine (25). The present 
studies demonstrate that EGFR gene expression can be inhibited 
with shRNA expression plasmids. The effect of shRNA expres- 
sion plasmids on EGFR gene expression was screened with 
thymidine incorporation assays (Table 2), because the EGFR 
mediates thymidine incorporation into EGFR-dependent cells 
(26). The thymidine incoiporation assays were confirmed by 
Western blotting, which showed that clones 967 and 882 knock 
down the EGFR (Fig. 2). In contrast, clone 962, which has no 
effect on thymidine incorporation into U87 cells, also has no 
effect on the expression of the immunoreactive EGFR (Fig. 2). 
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Fig. 5 Inrnmnocytochemistry. Mouse brain autopsy sections are stained with either the rat 8D3 monoclonal antibody to the mouse transferrin 
receptor (A-E) or control rat IgG (not shown). No sections are counterstained. The magnification in panels A, B, D, and E is the same, and the 
magnification bar in ^4 is 135 \xva. The magnification bar in C is 34 \mt. A-C are sections taken from the brain of the saline treated mice, and D-E 
are sections of brain taken from mice treated with the clone 967 gene therapy. A-C show the density of the tumor vasculature in the saline treated 
mice. B shows a section containing normal brain at the bottom of the panel and tumor at the top of the panel; the tumor is vascularized by a vessel 
originating from normal brain (marked by * in B). D shows the tumor on the left of the panel and normal brain on the right of the panel; this section 
is taken from a mouse treated with RNA interference (RNAi) gene therapy and illustrates the decreased vascular density in the RNAi-treated animals. 
The vascular density of normal brain is not changed in the RNAi-treated animals as shown in E. The control rat IgG primary antibody gave no reaction 
with mouse brain and the sections are not counterstained or shown. 



Similarly, clone 952, which produces an antiluciferase shRNA 
(19), has no effect on the EGFR (Fig. 2). On the basis of the cell 
culture work evaluating thymidine incorporation (Table 2) and 
Western blotting (Fig. 2), clone 967 was chosen for additional 
evaluation of RNAi-based gene therapy to knock down human 
EGFR gene expression. Clone 967 produces an shRNA directed 
against nucleotides 2529-2557 (Fig. 15), and this target se- 
quence is within the 700 nucleotide region of the human EGFR 



mRNA that is targeted by antisense RNA expressed by clone 
882 (10). Clone 967 and clone 882 equally inhibit thymidine 
incorporation in human U87 cells (Table 2), and this is evidence 
for the increased potency of RNAi-based forms of antisense 
gene therapy. The clone 882 plasmid contains the EBNA-l/oriP 
gene element (10), which enables a 10-fold increase in expres- 
sion of the trans-gene in cultured U87 cells (12). Therefore, the 
increased potency of the RNAi approach to antisense gene 
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Table 4 Capillary density in brain tumor and normal brain 



Mean ± SE (n = 15 fields analyzed from 3 mice in each of the 
treatment groups). 



Region 


Treatment 


Capillary density 
per 0.1 mm 2 


Tumor center 


Saline 


15 ± 2 




RNAi 


3 ± 0 


Tumor periphery 


Saline 


29 ± 4 




RNAi 


8 ± 1 


Normal brain 


Saline 


35 ± 1 




RNAi 


33 ± 1 



therapy enabled the elimination of the potentially turnorigenic 
EBNA-1 element in the expression plasmid. 

Clone 967 was delivered to cultured U87 cells with 
HIRMAb-targeted PILs, and this resulted in a 95% knockdown 
of EGFR functionality based on measurements of EGFR- 
induced calcium fluxes (Fig. 35; Table 3). The RNAi effect of 
clone 967 was specific to the EGFR, as the PIL delivery of this 
plasmid to the U87 cells had no effect on ATP- or bradykinin- 
mediated calcium fluxes in the cells (Table 3). Clone 967 
knocked down EGFR function in a dose-dependent mechanism, 
with respect to inhibition of both calcium flux (Table 3) and 



thymidine incoiporation (Fig. 1C) with an ED 50 of — 100 ng 
plasmid DNA/dish. 

Suppression of the EGFR by clone 967 encapsulated in the 
HIRMAb/TfRMAb-PILs is also demonstrated in vivo, as the 
confocal microscopy shows a down-regulation of the immuno- 
reactive EGFR (Fig. 6, A-C). Other evidence for the suppression 
of the EGFR in the tumor in vivo is the 72-80% reduction in 
tumor vascular density in the tumors of mice treated with 
anti-EGFR gene therapy as compared with the vascular density 
of brain tumors in mice treated with saline (Table 4). The EGFR 
has a proangiogenic function in cancer (27). The results of the 
present study show that suppression of EGFR function in brain 
tumors results in a reduction in vascularization of the tumor 
(Table 4). The reduction in tumor vascular density is not a 
nonspecific effect of PIL administration, because there is no 
reduction in vascular density in control mouse brain (Table 4). 
A Blast analysis of nucleotide sequences of the human EGFR 
mRNA (accession no. X00588) and the mouse EGFR mRNA 
(accession no. AF275367) shows there is only 76% identity in 
the mouse sequence corresponding to 2529-2557 of the human 
EGFR. Therefore, the shRNA produced by clone 967 would not 
be expected to effect endogenous mouse EGFR expression. 

The present studies show an 88% increase in survival time 
with weekly i.v. gene therapy using clone 967 encapsulated in 
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Fig. 6 Knock down of brain tumor epidermal growth factor receptor (EGFR) by RNA interference (RNAi). Confocal microscopy of intracranial 
glioma. Sections are shown for brain tumors from RNAi-treated mice {A-C) or saline-treated mice (D-F). The sections are doubly labeled with the 
murine 528 monoclonal antibody to the EGFR (green) and the rat 8D3 monoclonal antibody to the mouse transferrin receptor (red). There is decreased 
immunoreactive EGFR in the tumor cells in the RNAi-treated mice (A-C) relative to the saline treated mice (D-F). The saline treated animals died 
at 14-15 days after implantation (D-F), whereas the RNAi-treated animals died at 31 days (A), 33 days (B), and 34 days (C) after implantation, 
respectively, which was 5, 7, and 8 days after the last dose of i.v. RNAi gene therapy (Fig. 4). 
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HIRMAb/TfRMAb-PILs (Fig. 4). This increase in survival time 
is not a nonspecific effect of PIL administration, because prior 
work has shown no change in survival with the weekly admin- 
istration of PILs carrying a luciferase expression plasmid (9). 
The increase in survival obtained with weekly i.v. anti-EGFR 
gene therapy is comparable with the prolongation of survival 
time in mice treated with high daily doses of the EGFR-tyrosine 
kinase inhibitor, ZD1839 (Iressa; Ref. 28). However, Iressa was 
not effective in the treatment of brain cancer expressing mutant 
forms of the EGFR (28). Many primary and metastatic brain 
cancers express mutations of the human EGFR (29, 30), and it 
is possible to design RNAi-based gene therapy that will knock 
down both wild-type and mutant EGFR mRNAs. 

In summary, the present studies demonstrate that weekly 
i.v. RNAi gene therapy directed against the human EGFR 
causes an 88% increase in survival time in adult mice with 
intracranial human brain cancer. The high therapeutic efficacy 
of the PIL gene transfer technology is possible, because this 
approach delivers therapeutic genes to brain via the trans- 
vascular route (4). The PIL nonviral gene transfer technology 
could be used to simultaneously knock down tumorigenic genes 
and to replace mutated tumor suppressor genes in brain cancer. 
The efficacy of the PIL nonviral gene transfer technology has 
been demonstrated in primates, and levels of gene expression in 
primate brain are 50-fold greater than comparable levels of gene 
expression in rodent brain (31). PILs carrying therapeutic genes 
can be delivered to human brain cancer using genetically engi- 
neered MAbs. A chimeric HIRMAb (32) has the same activity 
in terms of binding to the human BBB in vitro, or transport 
across the primate BBB in vivo, as the original murine HIRMAb 
used in these studies. Future clinical applications of the PIL 
approach to gene therapy of brain cancer should enable targeting 
of the therapeutic gene to the cancer cell with minimal general 
toxicity. Weekly administration of PILs has no toxic effects and 
causes no inflammation in brain (33). With regard to eliminating 
ectopic expression of the exogenous gene in noncancer cells, 
prior work has shown that region-specific gene expression is 
possible with tissue-specific gene promoters in either mice (34) 
or primates (35). It may be possible to restrict therapeutic gene 
expression to the cancer cell by putting the gene under the 
influence of a promoter taken from a gene selectively expressed 
in brain cancer. Alternatively, many solid cancers express mu- 
tant forms of the EGFR, which are produced from aberrantly 
processed mRNAs that contain nucleotide sequences not found 
in normal cells (36). These sequences can be used as shRNA 
targets to selectively knock down mutant transcripts in cancer 
cells. 
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